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I INTRODUCTION 

In the past two decades, a wide variety or 
naturally occurring bioaci.ive peptides have 
been discovered. These pepcides function 
as hormones, enzyme inhibitors or sub- 
strates, growth pronnoters or inhibitors, 
neurotransmitters, and immunomodulators. 
Most of these peptides exhibit their bio- 
logical activities through binding to corre- 
sponding acceptor molecules (receptors or 
enzymes). Each acceptor molecule plays a 
unique biological role, allowing the inter- 
action of bioactive peptides with acceptor 
molecules to control specific physiological 
events. This characteristic can allow bioac- 
tive peptides to act as therapeutic agents. 
Extensive studies have been undertaken in 
an effort to understand the physiological 
effects of these bioactive peptides. Unfor- 
tunately, the use of native peptides fur 
clinical applications has been limited bv 
intrinsic properties of peptides. 

One of the most important ct)nsidcra- 
tions which limits (he clinical applicalitui of 
native peptides is rapid degradation n\ 
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peptides by peptidase enzymes. There arc 
many specific and nonspecific peptidases in 
biological systems which rapidly metabc>lizc 
peptides. Such metabolic i-^^itability compli- 
cates oral delivery of peptides. Passage 
through the blood-brain-barricr is an addi- 
tional problem for peptides which act in the 
central nervous system (CNS). 

Bioactive peptides act on specific accep- 
tor molecules. However, because of the 
inherent flexibility of peptides, they may 
"adopt different conformations required Tor 
recognition by multiple acceptor molecules. 
For example, receptors often have subtypes 
related to different physiological phenom- 
ena. Each subtype may require different 
conformations of peptides for binding. In 
many cases, native peptides can bind lo 
more than one receptor subtype and this 
property may lead io undesirable side ef- 
fects. 

Ill an effort to counteract these dciri- 
menial properties, numerous moditicaiitms 
t)f |K*ptidc structure have been considered. 
These modified structures arc referred lo as . 
peptidomimetics; chemical structures l!*.- 
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2 Cyciizauod o( Peptides 

rived from bioactive peptides which imitate 
natural moiecules. It is widely believed that 
such modincations wiil enhance the desir- 
able properties and avoid undesirable prop- 
erties of native peptides. iVlany analogs 
incorporating peptidomimetic components 
have exhibited improved pharmaqoiogical 
and pharmacokinetic propenies, including 
mcreased bioactivity. selectivity, metabolic 
stability, absorption, and lower toxicity. 
Some of these peptidomimetic analogs are 
currently used as therapeutic agents. 

Since bioactive peptides must adopt a 
specific conformation to bind to an accep- 
tor molecule, the exploration of a binding 
conformation is one of :he most important 
processes involved in the effort to obtain 
potent and selective therapeutic agents. For 
this purpose, constrained peptidomimetics 
based on cyclic structures, constrained 
amino acids or amide isostcres, and mimics 
of peptide secondary structures have been 
employed. These peptidomimetics cause 
the resulting peptides to adopt distinct 
preferred conformations by removing the 
flexibility of the parent linear peptides. In 
many cases, such conformational changes 
are accompanied by alterations in the 
bioacrivity profiles of the resulting analogs.' 
Thus, the comparison of bioactivities and 
the effects of peptidomimetics on the over- 
all conformations of peptides (obtained 
from conformational studies using modern 
techniques of spectroscopy and molecular 
miodeling) can provide insight into the 
structures required for bioactivity. The 
resulting structural information can be used 
for the design of more effective pep- 
tidomimetics in an effort to generate the 
required conformations for high selectivity 
and potency. 

To improve the metabolic stability of 
native peptides, amide isostcres have been 
incorporated into peptide bonds which arc 
panicularty susceptible to enzymatic degra- 
dation. In nKiny cases, these modifications, 
as well as the incorporation of constrained 
pcpiidt)mimctics can enhance metabolic 
stability. The transformation of a peptide 
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structure to a completely no-npeptidic mole- 
cule (retaining pharmacophores and the 
required three-dimensional array) is an 
attractive approach to the development of 
therapeutic agents from native peptides. 
These types of drug candidates can m- 
corporate metabolic stability and oral bio- 
availability, in addition, these molecules, 
which are relatively rigid com.pared with 
peptides, can provide desirable selec- 
tivities. Other pharmacokinetic properties 
(solubility, hydropnobicity. transport 
characteristics, etc.) can also be enhanced 
from small changes in peptidomimetic 
structures. 

This chapter will focus on the general 
features of representative peptidomimetic 
strategies including: cyciization of peptides, 
incorporations, of unnatural amino acids, 
linkages between consecutive residues, re- 
placements of peptide bond with amide 
isosteres and transformations of the sec- 
ondary structure of peptides to nonpeptidic 
molecules. Conformational preferences, 
physical properties, and applications to 
drug design of the above peptidomimetics 
will be described. 



2 CYCLIZATION OF PEPTIDES 
2. 1 Genera! Features 

Cyciization of peptides reduces the degrees 
of freedom for each constituent within the 
ring. This modification can substantially 
reduce the flexibility of parent linear mole- 
cules and stabilize specific secondary struc- 
tures of peptides. Furthermore, if the con- 
formation stabilized by the cyciization 
closely resembles the structure responsible 
for the bioactivity, this modification can 
increase potency and selectivity of the 
resulting peptides. Cyclic structures have 
been observed in many native peptides 
such as somaiostatm. oxytocin, cyclosporin 
A, atrial naliurctic peptides, calcitonm and 
peptide antibiotics. However, the size of 
the cyclic rings of these peptides are tot) 
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large lo generate conformationally con- 
'strained structures. Thus, smaller cyclic 
structures (11 to 18 membered nngs) have 
been considered in peptidomimecic design. 
Cyclic structures have been incorporated 
into numerous bioacuve peptides leading to 
highly potent and selective analogs. 

One of the most important applica- 
tions of this modification is' in the stud- 
ies of opioid peptides.. From X-ray crys- 
tallographic studies of enkephalins (Tyr- 
Gly-Gly-Phe-Leu/iVtet-OH), two different 
types of structures were reported (1,2). 
One of these structures adopts a j0-turn 
stabilized by two antiparailei hydrogen 
bonds between Tyr' and Phe' (1). The 
other structure contains the fully extended 
conformation (2). The spectroscopic and 
computational studies of enkephalins sup- 
port these results by showing the existence 
of several different conformations in 
equilibrium (5-5). To avoid the fully ex- 
tended structure in the conformational 
equilibrium of enkephalins,- Schiller et at. 
have.cyciized an enkephalin analog (6). 

There are four different ways to cyciize 
Imear peptides: connection of the amino 
terminus to the carboxyi terminus; the 
amino terminus to a side chain; a side chain 
to the carboxyi terminus; and one side 
chain to another side chain. However, since 
the free amine of Tyr' is required for 
opioid activity, only the side chain to car- 
boxyi terminus and the side chain to 
side-chain cyclizations can be used, leading 
to three series of analogs: Tyr'c[D-X- 
Gly-Phe-Leu] (X = Lys, Orn, A^bu (dia- 
minobutyric acid) and A^pr (diaminopro- 
pionic acid)] (6-9). Tyr-c{o-Cys/Pen-Gly- 
Phe-(D/L)-Cys/Penl-OH/NH, (10-12) 
(Pen stands for penicillamine which is ^,13- 
dimethyl cystein) and Tyr-c(o-Lys-Gly- 
Phe-Gru)-OH (Fig. 20.1) (13). 

The cyclic structures of the Tyr-c(D-X- 
Gly-Phe-Leu) series arc formed through 
ihe lactam bridge between the side chain of 
the second residue and the carboxyi ter- 
minus of Leu (5). The resulting analogs 






Fig. 20.1 The typical cyclic enkephalin analogs. A. 
Tyr-clD-A,bu-Gly-Phc-Leul-. B. Tyr-c(D-Cys-Cly- 
Phe-Cysl-OH; and C, Tyr-c| D-Lys-Gly-Phe-Gluj- 
NH,. 



show higher activities than enkephalins in 
the GPI (guinea pig ileum) assays which 
represent bioactivities of opioids at the pi 
or morphine-binding opioid receptor. On 
the contrary, lower activities are observed 
in the MVD (mouse vas deferens) tests 
which represent bioactivities at the 5 or 
onkcphalin-binding opioid receptor (Table 
20.1) (6-9). Namely, the resulting cyclic 
analogs are highly ^L-receptor scicciivc. 
These bioacliviiy prolilcs arc different from 
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2 CycliziJtiOs. Peptides 

parent enkephalins which show 5-recspcor 
selective activities (Table 20. i). These pro- 
Piles are also different [rom chose of Tyr- 
Xaa-Gly-Phe^NK, [Xaa = D-Ala, D-Nva 
(nor/aline) and Nie (norleucine)] which are 
the real parent analogs of this cyclic pep- 
tide series (9). All of these, linear parent 
analogs are nonselective. The results indi- 
cate that the cyclizacion of 5-selective or 
nonselecuve enkephalins leads to ^L-selec- 
tive analogs. The cyclizacion reduces the 
possibility chat linear enkephalins will 
adopt che conformations which can be 
recognized by the 5 opioid receptor. 

Another cyclic enkephalin series, Tyr- 
c[D-Cys/Pen-Gly-Phe-(D.L)-Cys/Pen]-OH/ 
NH,, has been synthesized through the 
disulfide bridge formation between Cys/ 
Pen residues in positions 2 and 5 (10- 
12). The Cys contaming analogs are 
superactive at both the fx- and 5-receptors 
and che Pen containing analogs are highly 
5-receptor selective (Table 20.1) (10). 
These results demonstrate that jS,^-di- 
methytation of Cys residues excludes the 
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conformation for opioid receptor recog- 
nition in this cyclic pepcide syscem. The 
Pen concaining analogs will be discussed 
again later. The Tyr-cfo-Lys-Gly-Phe-Giu)- 
NH, analog was also prepared by lactam 
formation between the free amine of che 
Lys sidechain and che carboxylic acid of the 
Glu side chain. This analog is active at both 
jj.' and 5-recepcors (Table 20.1) (13). 
These results indicate chac che bioacxivicies 
of analogs can be varied by means of 
cyclizacion, changes in ring sizes, and con- 
formacionai constraints. 

Another pepcide opioid dermorphin 
(Tyr - D - Ala - Phe - G ly - Tyr - Pro - Ser - N H , ) 
(14), was also cyclized. in the laboratories 
of Goodman (15-19), Schiller (20-22) and 
Spatola (23). Tne linear /V-cerminal tecra- 
peptide and pentapepcide of dermorphin 
retain the bioactivi.ty of dermorphin (24)." 
Since the size of the cyclic structure must 
be small in order to obtain highly con- 
strained structures, these sequences have 
been employed for the cyclizacion of der- 
morphin. Among the resulting analogs, 




Table 20.1 Various Cyclic Enkephalins and their Bioactivities 
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Cyclizacion and 


CP!" 


MVD" 


,viVO/C?l 




Analog 


Ring Size 




lC,../n.W 


tC,.,- Ratio 


Reference 


Tyr-c(D-A.pr-Gly-?he-Uu) 


{sm', 13) 


23.4 - 4.2 


73.1 - 14,5 


3.12 


9 


Tyr-<:(D-A,bu-Gly-Phe'Leu) 


(sm, 14) 


14.] * 2.9 


81.4 r 5.S 


5.77 


9 


Tyr-c(D'Om-Gly-Phe-Leu) 


(sm. 15) 


48 r 4.3 ■ 


475 = 99 


9.90 


9 


Tyr-c(D-Lys-Gly-Ph<:-Uu) 


(sm, 16) 


a.SO - 1.79 


141 - 28 


29.4 


9 


Tyr-c(D-Cys-Gly-Phe-Cys)-OH 


(ss^l4) 


3.06 


0.19 


0.062 




Tyr-c(D-Cys-Gly-Phc-D-Cy5)-OH 


(SS, 14) 


1.48 


0.12 


0.081 


1 1 


Tyr-c( D-Cys-Gly- Phe-Cys)-N H , 


(SS. 14) 


1.51 - 0.t)3 


O.760r 0.086 


0.503 


1 1 


Tyr-c(D-Cys-Giy-Phe-D-Cys)-N'H, 


(Si. 14) 


n.780 - 0.010 


0.29H = 0.037 


0.382 


1 1 


Tyr-c(D-Pcn-Giy-Phc-Pcn)-OH 


(SS.14) - ■ 


mm 


2.5 


0.00025 


12 


Tyr-c(D-Pen-Giy-Phc-D-Pcn)-OH 


(ss. 14) 


Z5250 


3.40 


0.00014 


12 


Tyr-c(D-Lys-Gly-Phe-Giu)-NH, 


(ss. 18) 


1.13 0.14 


0.648 r 0.132 


0.573 


13 


Tyr-G!y-Gly-Phe-Leu-OH 




246 r 39 


11. 4 r 1. 1 


0.0463 





"The GPI stands for guinea pig ileum which is a muscle preparacion for the in vitro assay to measure 
bioactivi(ies ai the p. opioid receptor. 

"The MVD stands for mouse va.s deferens which is a muscle preparaiion for the in vitro assay to measure 
bioactivitics at ihe 5 opioid receptor. 

'The sm denotes (he side chain to main chain cyclizalion. 

''The ss denoies the side chain to side chain cydizuiion. 
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Tabic 20.2 Various Cyclic Dermorphin Anaiogs and their Biological Aciiviti^ 





Cyclization and 


GPr 


MVO" 


MVD/GP! 




Analog 


Ring Size 


lC.,/nM 


[C,../n/W 


lC,„-PvU[iu 


Rcl'cfcnc!: 


Tyr<(D-Orn-?hc-Asp)-NH , 


(ssMj) 


3A.2 r 3.7 


3880 - m) 


107 




Tyr-c( D-Cys- Phe-Cyf;)-N H . 


(S3. H) 


tA.l r 11. 9 


7^0 z 187 


11. 4 


T 


Tyr<(D-Orn-Phc-Gly) 


(sm', 12) 


8.'jOz0.7K 


= \5 


16.9 


\> 


Tyr-c( D-Lys-?he-Ala) 


(sm. 13) 


u.iy 


0.31 


2.7 


2\ 


Tyr<(D-A,bn-PVic-Ala-Lc'j} 


(sm, [^} 


0.63 


1.72-0.27 


2.7! 


15 


Tyr-O-Ala-Phe-Giy-NH, 




45.2 = 3.19 


510 - 31. S2 


1 1.3 


2-1 



"Tnc GPl stands tor guinea pig ileum which is a muscie preparation for the in vitro assay to mca.surc 
bioactivitics at the ^ opioid receptor. 

"The MVO stands for mouse vas deferens which is a muscle preparation for the in vitro assay lo measure 
bioacrivitici at the 3 opioid receptor. 

^Thc ss denotes the .side chain to main chain cyclization. 

'^Tne sm denotes the side chain to main chain cyclization. 



Tyr<(D-Orn-Phe-Asp)-NH. (20-22), Tyr- 
c(D-Cys-Phe-Cys)-NH, (22) and Tyr-c(D- 
Orn-Phe-Gly) (15,17,18) are pL-recsptor 
selective. The analog Tyr-cfo-Oin-Phe- 
Asp)-NH-, is active only at che ;x-receptor. 
On Che other hand, TYr-c(D-Lys-Phe-Ala) 
and Tyr-c(o-A.bu-Phe-Ala-Leu) show 
superactivity at both the a- and 5-receptors 
(Table 20.2) (16)'. The cyclic dermorphin 
anaiogs with the lecrapeptide sequence are 
highly constrained because or the small size 
of the rino. 



Cyclic somatostatins are another repre- 
sentative example of cyclic peptides. The 
native somatostatin contains a large cyclic 
structure formed by a disulfide bridge (Fig. 
20.2) (25). The structure-activity relation- 
ship studies of this molecule indicate chat 
the Phe-Trp-Lys-Thr (26-30) sequence is 
important for the bioactivity of somatos- 
tatin. Replacement of Trp with' D-Trp 
increases activity (31). Furthermore, con- 
formational analysis of somatostatin and its 
analogs proposed that a -j3-turn within che 
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H2N.Ala<Gly.Cys-Lys-Asn-Ph<-Phc"^-Trp'-Lys^-Thr'^Phe-Thr.S<r-Cys-H 



Ki^:. 20.2 Siruclurc and scqucnci: ol native .soinaiostalin. 
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Table 20.3 Growth Hormone Reiease Inhibition by Cyclic Somatostatin Analogs 
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Analog 


Relative Pote.acy" 


Reference 


D-Phe -c( Cys- Phe - D-Trp- Lys Thr 'Cys)-Thr-oi 


5 


34 


c(?ro-Phe-D-Trp-Lys-Thr-?he) 


1.7 


•27 . 28 


c[(NiMe)-a-ben2yl-0-AMPA-Phe-0-Trp-Lys-Tnr|(!) 


<O.OUUi 


37 


c[(NMe)-a-benzyUO-AMPA-Phe-D-Trp-Lys-Tnrl(n) 


0.013 


37 



'a ratio beiween ihe (C^„ value lOr the inhibuion of growth hormone release by cyclic somatostatin analog and 
the (C^^ value for the inhibitin of growih hormone release by native somatostatin. 



above sequence is required for receptor 
recognition (31,32). To stabilize such a 
secondary.- structure around the phar- 
macophoric sequence of somatostatin, ana- 
logs with smaller ring size were synthes- 
ized. Such efforts resulted in the highly 
active lead analogs D-Phe-c(Cys-Phe-D'Trp- 
Lys-Thr-Cys)-Thr-ol (33,34) and c(Pro- 
Phe-o-Trp-Lys-Thr-Phe) (26) (Table 20.3). 
The former analog is synthesized by a side 
cham to side chain cyciization while the 
cyclic structure of the latter analog is 
formed by an ammo terminus to carboxyi 
terminus cyciization or a hexapeptide de- 
rivative. 



2.2 Constrained Units for Cyciization of 
Peptides 

Specific functional units have been utilized 
to enhance the stability of spccihc molecu- 
lar conformations. The conformational 
analyses of the somatostatin analogs based 
on the structure c( Pro^'-Phe^-D-Trp^-Lys'*- 
The'"-Phe") (the superscript numbers 
show the relative positions of amino acids 
with respect to native somatostatin) indi- 
cate that a cis peptide bond between 
Phc"-Pro" is important for high bioactivity 
(26). To mimic such a ciS' amide bond. Van 
Binst ct al. (3."^. 36) have incorporated the 
ni, or p-aminomcthylphcnytacctic acids 
[{). fu, t)r /;-AMPA) into the bridging region 
to replace the Phe "-Pro'* dipcptide .se- 



quence. However, all of these analogs are 
inactive. The conformational studies of 
these analogs indicated that the inactivity 
arose from the absence of the aromatic ring 
corresponding to the side chain of Phe". 
and distortions on the conformation of the 
pharmacophoric sequence as welt as the 
bridging region. These conformational 
studies also showed that hydrogen-bonding 
between the NH and C(0) groups of o- 
AMPa may explain the mactivity of these 
analogs. To avoid this hydrogen-bonding, 
/V-methylacion on the amine of o-AMPA 
has been considered. Since the side chain 
aromatic ring of Phe" was important 
for bioactivity, the introduction of ben- 
zyl group was also considered. Thus, 
/V-methyl-a-(/?c2:S)-benzyi-o-AM?A (37) 
(Fig. 20. 3 A) has been incorporated mto the 
bridging region. One of the two isomers 
has shown substantial bioactivity (Table 
2().3). A similar cons.trained unit, p-amino- 
methylbenzoic acid (p-AMBA) was in- 
corporated into a arginyi-glycinyl-aspatyl 
sequence containing peptide (ROD pep- 
tide) leading to an active inhibitor of cell 
adhesion (Fig. 20. 3B) (38). Recently, the 
incorporation of a- and /n-aminobenzoic 
acid into inactivators of trypsinlike pro- 
teinases was al.so reported (3V). 

Sulfhydryl containing constrained units 
arc usetul \o provide constraints and in- 
crease hydrt)phobiciiies. Derivatives of de- 
saminocystein (Fig. 20.4) such as 
peniamcthylcne-jy-mercaptopropionic acid 
(Ppa), 2-mcrcaptoben/oic acid (Mba), 
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Fi«. 20J Siruciures of A. a somatostatin analog ci(/V.Mcthyl )-a-bcnzyi-o- AMPA-Phe-O-Trp-Lvs-Thr |-. and B. a 
modined RGD pepdde c[Arg-Giy'Asp-pAMBA|. 



/3,j8-dimethyl-^-mercapcopropionic add 
(Dmpa), and /3,^-diechyi-^-mercapcopro- 
pionic acid (Depa) have also been incor- 
porated into bioactive peptides including 
antagonists of vasopressin, oxytocin, 
RGD peptides, and others (40-44). When 
the Ppa, Mba, Dmpa, and Depa were 
incorporated into position X of a vaso- 
pressin analog [X-Phe(NO. )-Phe-Val-Asn- 
Cys]-Pro-Lys-D-Tyr-NH.. the resulting 
analogs were active (Table 20.4) (40)^ 
The Dmpa containing analog shows hiohcr 
activity than any other analogs which 
contain Ppa, Mba, and Depa (Table 20.4). 
Since these four units have functional 
groups with different sizes and hydropho- 
bicities, the bioactivity results can be used 
to understand optimal redundant proper- 
ties for binding. 



A methylated derivative of Ppa, 
(4-methylpentamechYlene)-/3 - mercaptopro 
pionic acid (4-MePpa) was also synthes- 
ized (Fig. 20.5). The two isomers (m and 
(rans) of this unit were incorporated into 
the place of Ppa m c( Ppa-D-TYr{ Et)- 
Phe-Val-Asn-Cysj-Pro-Arg-NH, (SK&F 
101926). The resulting analogs are potent 
vasopressin V, receptor antagonists which 
also show some agonist activity (45). The 
resulting trans-isomer analog exhibited 
more agonist activities than the cis-isomer. 
However, the. agonist activities of cisriso- 
mer containing analogs were considerably 
less than the corresponding unsubstituted 
analogs. These results mdicatcd that small 
changes in the structure of constrained 
units could provide desirable pharmacologi- 
cal properties. 



Table 20.4 Binding Assays of Vasopressin Analogs 



Analog 






clPpa-Phc(NO_,)-Phc.V;(i-A.sn-Cys|-i 


ro-Lys-D-Tyr-NH. 


3.2 T 0.7 


cj iMab-Phe( NO , )-Phc.Val- Asn-Cyst- 


Vo-Lys-D- Tyr-NH . 


27 r 4.6 


cjDmpu-Phc(N6.)-Phe-Val-Asn-Cys 


l-Pro-Lys-ID-Tyr-NI ! . 


1 .N r 


cj Dcpa-Phc(NC) .Vphc-V:il-AsM-Cys| 


•Pro-Lys-D-Tyr-Nli. 


2.5.^ .* 0. 12 



IIk- Kj UcmMcN liic dis.^icialioii o>ns(;»Ml c:ikul;»icd iVtun ilic hmdim: :i.nn.ivv uI 
vasnprcvsin analous n* the V^, receptor 
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CH^-CCOH 



SH 



H:,C CCOH 




CCOH 



H3C CHj CH,-COOH 



K;jC SH 



H-C CH. SH 



0 



Fig. 20.4 Dcjiaminocysteine dcrivaiivt:.s . A. jif.^- 
pcntamcthylenc-a-mercaptopropionic acid (Ppa); B. 
2-mcrcap(obcnzoic acid: C. ^.^-dimcthyi-,fl-mo'rcap- 
topropionic acid {Dmpa) and /3,^-dicthyi-/?-mcrcap- 
topropionic acid (Depa), 





h\. 20.5 .Structures ot c/.v- and /r^;/a-/^,^^-t i- 
mclhyipciuanK-thyicnc)-^.-mcrc:ip(uprupionrc ;icid 
(c/.v- and /ra/(.v-4-McPpa). 



2.3 Various Cyclic Linkages 

The lactam and disulfide bridge formations 
have been the most popular linkages for 
cyclic structures. Several linkages have also 
been devised to connect vanous typos of 
sidechain functional groups to peptide ter- 
mini or other, side chains. For example, lo 
form a cyclic struciurc using two sidc-chain 
hydroxy! groups, a phosphodicsicr linkage 
(Fig. 20. 6A) was proposed (46). In fact, 
this linkage occurs naturally in a protein' 
liavodoxin, isolated from azotobaacr. Since 
the P(0) moieties can act as hydrogen- 
bonding or metal-binding acceptors, ^hts 
linkage affects (he conformational features 
ol the resulting analogs. A disilo.xanc 
hndgc has al.su hccn emplt)ycd for linking 
iwt) hydroxyl groups r47) and has been 



mtroduccd into an enkephalin analog. The 
resuiting cyclic enkephalin (Fig. 20.63) has 
shown opioid activity. 

A urethane linkage can be useful for 
connecting an amme to a side-chain hy- 
droxy! group. Furthermore, the CfO)-N'n 
bond of urethane has a high tendency to 
assume a cis conhguracion which can facili- 
tate the formation of cyclic peptides. Wu 
and Kohn have synthesized Tyr-urethane 
containmg pseudopeptides (Fig. 20.7) (43). 
An ester linkage connecting a carboxyl 
group and a hydroxyl group has been 
observed in many naturally occurrmg anti- 
biotics. This linkage was used for the syn- 
thesis of a series of human renin inhibitor'^ 
(49). 

; Cyclic linkages with aromatic rings also 
occur in nature. For example, an aryl ether 
linkage has been found in glycopepcide 
antibiotics (vancomycin) (50) "and 'in the 




o 

t! 



Tyr-NH-CH— C-Gly-Phe— NH-CH-C-OH 



B 

KiK. 21). h Siruiturcs ol A. ;i tmidcl peptide con- 
t;ii»iiiM phosphodicsivr linkaiic; ami B. disdoxanc 
comainiMi: cyclic cnkcph;ilifi. 
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F'li*. 20.7 Struciure of urechane linkage -containine peptide. 




Fig. Z0.3 Naturally accurnng angiotensin L-tinvcninu 
enzvmc inhibitor K-i3. 



naturally oecurring angiotensin-converting 
enzyme inhibitor K-13 (Fig. 20.8) (51). 
Recently, Thaisrivongs et al. reported the 
connection of a histidine side chain to the 



/V-terminus or a renin inhibitor bv using the 
-CH,-C(0)- unir (Fig, 20.9) '(52). The 
resulting analogs exhibited high binding 
affinity. 

Recently, the lanthionine (monosulfide) 
bridge (53) which is observed in nisin and 
• other peptide antibiotics.- has been incorpo- 
rated in the place of disulfide bridges in 
several bioactive peptides (54). The re- 
sulting analogs are more constrained than 
their disulfide-bridged counterparts because 
of their decreased ring size. Addicionally. 
this modification increases the metabolic 
stability of the resulting analogs. When this 
modification was incorporated into cyclic 
enkephalins [i.e., Tyr-c( D-Ala, -Gly-Phe- 
AlaL)-NH. (55): Fig. 2U.101, the resulting 
analogs showed bioactivities similar to 
those of their disulfide bridged counterparts 
[i.e., Tyr<(D-Cys-Giy-Phe-Cys)-NH.]. 
However, the half-life of the lanthionine 
enkephalin in the rat brain homogenates is 
much longer than thai of , the parent disul- 




Ki^. 20.9 A renin iiihilMinr in which ihc side chain ol* His is linked u> N-temiiruis hy -CI I , -C "( O )- uiiii. 
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Kig. 20.10 Ghcmicul structure of Tyr-c( D- Ala. -GW- 
Pho-AlUj )-NK Tnis analog contains a ianihioninc 
(monosulftde) bridge. 



fide compounds. This suucture is presently 
being incorporated into disulfide bridge 
containing peptides that include oxytocin 
and calcitonin as well as opioids. 



2.4 Backbone Cyclizations and Bicyclic 
Structures 

Gilon ec al. have achieved the cyctization of 
peptides by linking an N" atom to either 




813 

another N" atom, other side chains, the 
atnino termmus or the carboxyi terminus 
using an appropriate linker (56). The pos- 
sible cyclic structures are depicted in Figure 
20.11. They also introduced this structure 
into a Substance P analog. Ac-Arg-Phe-Phe 
-Phe-Pro-Leu-Met-NH.. leading to the 
structures shov/n in* Figure ZD.l'Z. The ana- 
logs have similar biological profiles and 
show protracted activity m various tissues 
when compared to the parent analog (56). ■ 
In the NMR studies of these two analogs, 
isomers concainmg a.cis structure about the 
substituted amide bond were observed 

(57) . 

Sicyclic structures have been studied to 
avoid 'the flexibility of large cyclic peptides 

(58) . When a bicyclic structure was formed 
in the oxytocin sequence, the -resulting 
peptides showed high antagonist activity 
(59. 60). Also the parent monocyclic pre- 
cursor possessed very little agonist activity. 
Multicyciic structures have also been con- 
sidered as a method to stabilize an am- 
phiphilic a-helical structure (61). 





Kie- iO,l! l-iiur pns.sihic hack.Nmc eye lions. A. :m N" Mom to anuihcr N" :it.>ni; H. 
O)- unit. ch;iin; C. an N" aiom (o :imino icrnnnu.N. of D. an N" alum tu carh^).\yiic icrriumLs 
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O 

n = 0 or I 

Fig. 20.12 Backbone cyciized substance P analogs. One analog has C'H, (/f ^ 1 ) iind ant)ihcr analog does noi 
have ihis methytene (/i=0). 



3 CONSTRAINED AMINO ACIDS 

Consirained amino acids have been intro- 
duced inco the sequences of bioactive pep- 
tides in order to obtain local constraints. 
Incorporation of these amino acids specifi- 
cally restricts the rotation of N"-C'\ C" - 
C(0), C(0)-NH bonds, and side-chain 
conformations by covalent or noncovaleni 
stenc interactions. Thus, these amino acids 
can- be used as conformational probes in an 
effort to understand local conformations 
responsible for the bioactivity of a par- 
ticular peptide. 

3.1 Of -Methylated Amino Acids 

Amino acids which- arc ar-methylated have 
a structure in which the- a-hydrogcn atom is 
replaced by a methyl group. Methylation 
severely restricts rotation around the N-C" 
{4>) and C"-C(0) {(p) bonds of amino 
acids. Figure 20.13 displays the changes in 
the allowed {4>) and {\\s) regions upon the 
a-mcthylation of glycine (Ala) (62). About 
70% of the conformational space avuikihic 
to Gly cannot be adopted by Ala. Inirther- 
morc. about 90^"/- of this cunforniaiional 
space IS not available lo (i'-amiiu)ist)hutyric 
acid |Aib or or-methylahininc (McA); Fig. 
20. 14 A (63-64). I 



Among the a-mechylated amino acids. 
Aib (observed in native channel peptides) 
is the most extensively studied. The co.n- 
formationai behaviors of Aib containing 
peptides were summarized in reviews by 
Venkataram Prasad. Balaram, and Karle 
(65,66). Further studies have also been 
published (67-85). The conformational 
space preferentially adopted by Aib res- 
idues includes both the regions of left- and 
right-handed a and 3,„ helices (86). This 
amino acid rarely exhibits extended struc- 
tures (87). The Aib residue has been in- 
corporated into numerous bioactive pep- 
tides including enkephalin (15, 88-91), 
angiotensin (92), bradykinin (93). 
chemoattractanis (94), and substance P 
(95) in order to obtain highly active and 
selective analogs and to understand the 
conformations responsible for the recogni- 
tion of their receptors. 

Unlike Aib, all other a-mcthylatcd 
amino acids arc chiral. Toniolo et al, re- 
viewed the conformational preferences of 
isolvaline [Iva or L-cir-cihyl-alanine (EtA); 
Fig. 2l).148|, cr-methylvaline |(aMe)Val|. 
ar-mcthylleucine |(frMc)Leu|, and a- 
methyl phenylalanine l(aMc>Phc; Fig 
2n.l4C)| in peptides (96). The conforma- 
tional [)references were deterniincd l^v X- 
ray crystallographic analyses. 'l-l-NMK 
spectroscopic studies, and ctmforniaiional 
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energy calculations. In general, tripeptides 
and longer peptides containing these amino 
acids are folded in jS-turns or in a 3,„- 
helical array. Funhermore. these amino 
acids rarely adopt the fully extended struc- 
ture (0 = i8O^ (i/=180"). Recently, the 
crystal state conformational analysis of 
homopeptides from [D-(aiVle)Phe],, (n = 1, 
2, 3, and 4) was reported (97). All of the 



(QrMe)Phc residues were found to prefer 
torsion angles in the helical region of 0, t// 
conformational map. 

These ammo acids have also been in- 
corporated into bioactive peptides. For 
example, the (aMe)Phe containing cyclic 
dermoTphin analog, Tyr-c[D-Orn-(aMe)- 
Phe-GluJ-NH^,. shows activities similar to 
the. Phe containing parent analog (98). On 



CH, 

H^N COOH 



H3C 



X 



COOH 



COOH 



Fis. 20.14 S(ructurcs of a-mothyi;iicd amino iicids. A. (r-:imim)isohuiyric acid (Aih): H. isuvallnc (iva) 
(a-cthylaluninc); and C. (j-mcihylphcnyiaianino (/rMcPhc). 
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the contrary, the incorporation of 
(cMe)Tyr into enkephalin leads to an inac- 
tive analog ('99). When (aMe)Phe is in- 
corporated into a chemoatxractant, the re- 
sulting compound shows reduced aciivicv 
(100). 

in addition, other or-methylated amino 
acids were studied resulting in the synth- 
eses ot (aMe)Arg (lOl), (atVle)Pro (102), 
(aMe)Orn (l02),^and (aMe)Ser (103). The 
X-ray studies of a (a Me)Ser-concaining 
peptide indicated that chis residue favor- 
ably adopts a conformation in which 4> = - 
55' and tp = -32*" (104). 



3.2 a,a'-DialkyigiYcines and a- 
AminocYcioalkane Carboxyiic Acids 

The replacement of the two hydrogens on 
the C" atom of a glycine residue with two 
identical alkyt or aryi groups results in a.a- 
disubstituted glycines (Fig. 20.15) (105. 
106) with the Aib residue having the 
simplest structure among this type of am.ino 
acids. ,\s mentioned in .the previous sec- 
tion, allowable 0 and ip angles for this 
residue are restricted to the a- or 3|„-helix 
regions. However, diethylgiycine (Deg) 
and dipropyiglycine (Dpg) residues exhibit 
different conformational preferences (Fig. 
20- 15 a). These residues preferentially 
adopt fully extended structures where (j) 
and ip angles are both 180° (107, 108). A 
similar extended structure was also ob- 



served as a minimum energy conformation 
from the conformational studies of 
diphenyigiycine {D<t>g\ Fig. 20.15B (109). 
The dibenzylglycine (Dbg; Fig. 20.15C) 
residue of the tripeptide Gly-Dbg-Gly 
readily adopts conformations where the cp 
and ijj angles arc ( l80^ 90^^) and (180" 
270°) (110). 

The of-ammocyclcioalkanecarboxylic ac- 
ids (Ac"c, n~3~7) are also a,a-di- 
alkylglycmes with cyclized side chains 
incorporated into a cyclic structure (Fig. 
20.16.A). For example, a-ammocyclop- 
ropane carboxyiic acid (Ac^c) (111)' con- 
tains a three-membered nng including the 
a-carbon. Several peptides containing Ac"^c 
were examined by X-ray crystallography. 
In the solid state; this residue assumes a 
j3-turn conformation or a distorted 3^q helix 
(112, 113). The conformational preference 
of other aminocycloalkane carboxyiic acids 
such as or-aminocyclopentane carboxyiic 
acid (Ac'c) (114,115), a-aminocyciohex- 
ane carboxyiic acid (Ac^c) (116), and a- 
ammocycioheptane carboxyiic acid (Ac^c) 
(117) are also similar. 

It is interesting that although dialk.ylgiy- 
cines and aminocycloalkane carboxyiic 
acids have the same number of* side-chain 
carbons, they show different conformation- 
al preferences. For example, Ac"^c and 
Ac c prefer a folded conformation, where- 
as Deg and Dpg favor a fully extended 
structure. This comparison demonstrates 
the substantial effects of cyclic side chains 
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Mr. 211.15 Structures of (r.fT-(.ii;ilkyi;iicd i:lycino. A. /r-uminoistihutyrit ucid (/i = 0, Aib); (r.rr-dicthylglycinc 
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Fig. 20.16 Structures of A, aminocycloalkane car- 
boxylic acids; a-aminocyclopropane caxboxylic acid 
(Ac'c. /T=0), a-aminocyclobucanc carboxylic acid 
(Ac'c, n = 1), a-aminocyciopcntane carboxylic acid 
[Ac'c. n = 2), a-aminocyclohexane carboxylic acid 
(Ac'c, n = 3) and cr-amtnocycioheptane carboxylic 
acid (Ac'c, n ~ and their modiftcaiions B, o- 
aminopyrrolidone carboxytic acid (Ape); C. a-amino- 
norboranc carboxylic acid; and D. l-ammocyclopcn- 
tane-lj-diolc acid [n ~ \) and 1 -aminocyciohdxanc- 
l .4-diotc acid {n - 2). 

on the conformation of the amino acid in 
peptides. 

The a-aminocycloalkanecarboxylic acids 
were incorporated into bioacnve peptides 
including opioid peptides, chemotactic pep- 
tides, and sweeteners. When Ac^c was 
incorporated into various positions of en- 
kephalins, the resulting peptides showed 
higher in vivo activity than the parent 
enkephalin annide {15)". The chemotacfic 
analogs (HCO-Met-X-Phe-OMe) contain- 
ing Ac'^c, Ac'^c, and Ac^c showed higher 
activity than their parent peptides (94). 
The Aib containing analog is slightly less 
active and the Ac c containing analog is 
inactive. Aspartame analogs in which Ac"c 
(n = 3-8) residues are incorporated (Asp- 
Ac^-OMe) have been synthesized. The 
analogs with Ac'c (n = 3-5) retained ii 
sweet taste (118). On the contrary. Ac"c 
and Ac^c containing analogs arc bitter and 
the Ac'^c containing analog Is tasteless. 



Recently, amincpy rrulidone carboxylic 
acid has been synthesized (Ape: Fig, 
20.163) (119). The structure of Ape is 
similar to Ac'^c except that one ethylene 
(C^H,-CH.) of the nvc-mcmbcred ring ts 
replaced with an amide bond. Thus, the 
Ape residue contains a stereogenic center 
dnd the side-chain can be involved in hy- 
drogen-bonding. When Ape was incorpo- 
rated into valmuceptin. one of the resuU- 
mg analogs. Tyr-(D.L)-Apc-Phe-Val-NH,. 
showed opioid activity. On the other hand. 
Che Ac'c containing analog was Inactive 
(120). 

The a-aminonorborane carboxylic acids 
(Fig. 20.16C) can be classified as amino- 
cycloalkane carboxylic acids (121,122). 
Since these residues are bulky and highly 
constrained, they may be expected to show 
hiohly preferred conformations. In addi- 
tion, analogs of glutamic acid were syn- 
thesized by placing the curboxyl group at 
the 7-position of Ac'c and Ac^c (Fig. 
20.160) (123). 



3.3 iN'-C Cyciized Amino Acids 

The N"-C" cyciized amino acids have been 
devised as modihcations.of proline. One of 
the most important characteristics of these 
amino acids is the occurrence of cis/trans 
isomerism (Fig. 20.17) (124). The tertiary 
amide bond of N"-C' cyciized amino acids 
leads to the cis and trans amide bonds with 
approximately 2kcal/mole energy differ- 
ence (125). This value is much lower than 
that of a norma! peptide bond (approx. 
lOkcal/mol). This type of cis/trans iso- 
merization can be detected by NMR. The 
NMR studies of morphiceptin (Tyr-Pro- 
Phe-Pro-NH.) have shown four different 
isomers generated from cis/trans Isomcriza- 
lion of the Tyr-Pro and Phc-Pro amide 
bonds (126). 

Since the N"-C" bt)nd of prolinclike 
amino acids is included in the pyrrolidine 
ring, the (b angle tif these amino acids is 
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highly restricted. The rotation of the C"- 
C(0) bond is also constrained by the sieric 
interaction between the pyrrolidine ring 
and C(0). These amino acids can affect the 
conformation of the preceding residue. The 
lb angle rotation for the preceding L-residue 
is restricted to between 60 and 180*'. When 
the Pro residue assumes a trans configura- 
tion, the sieric interaction occurs between 
the side chain of the preceding L-residue 
and the C^H, attached to the nitrogen of 
the Pro residue. In a cis isomer of proline, 
a steric overlap occurs between the side 
chain of the preceding L-residue and the C" 
group of the Pro residue ( 127). 

3.3.1 PROLINE MIMETICS WITH DIFFERENT 

RING SIZES. Structures such as Azy (azyline 
or aziridine-2-carboxyli"c acid), Aze 
(azetidine-2-carboxylic acid), and Pip 



CCOH 



HN- 



(pipecoiic acid) are proline analogs or 
mimetics with different ring sizes (Fig. 
20,18A). The Azy and Aze have 3- and 
4-membered rings, respectively; whereas 
the Pip contains a 6-membered ring. When 
one of the methylene groups in the cyclic 
structure is replaced by an oxygen or a 
sulfur, (O)Pro (oxazolidine4-carboxylic 
acid), (O)Pip (perhydro-l,4-oxazine-3-car- 
boxylic acid or 3-morpholinecarboxylic 
acid), (S)Pro (or Thz; thiazolidine-4-car- 
boxylic acid), and (S)Pip (perhydro-1 ,4- 
thioxazineo-carboxylic acid) are obtained 
(Fig. 20.18B). The conformational be- 
havior of these amino acids is well-summa- 
rized in a review written by Toniolo (128). 
Recently, piperazic acid (Piz; Fig. 20.18C) 
was found as a component of the naturally 
occurring oxytocin antagonist c(Pro-D-Phe- 
(NOH)lle-D-Piz-Piz-o-(NMe)Phel (129): 



COOH 



HN 



B 




COOH 



Kiji. 20.18 Proline mimetics with different ring size. A. ;iziridinc-2-carboxyiie acid (Azy. n =0). uzctidine-2- 
c:irhK)xylic :ieid (Aze. n = 1), proline (Pro. n =2) and pipecolic acid (Pip. n =3) and their modihcd forms; B. 
o.x;i:d6lidine-4-earb<)xylie acid \n = t). X ^ 0; (<))Prn or Oxa\, ihiozolidine-4-carboxylic acid |/( = I). X = S". (S)Pru 
ot Th7.1. perhydru-i .4-t)xa/.tne-.VcJfN»xyiic acid or .Vmorpholinc carboxyiic acid l/i = I . X = O: (C))Pip and 
pcrhydro-l.4.thi(ixa2ine-3-carhoxylic acid |/i I . X S: (S)Pipl; and C. piperazic acid (Pi/). 
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The Azc rciiiduc was incorporaced inU) 
collagen, the fibrous protein whose struc- 
ture is characterized by a large population 
or proline and hydroxyproline. From theo- 
reticai calculations peptides containing Azc 
are somewhat more flexible than the corre- 
sponding peptides containing Pro (130- 
132). ihis occurrence can be explained by 
a decrease in repulsive noncovalent interac- 
tions between the rings of neiohbormg 
residues. Smce the Aze residue is^ smaller 
than Che Pro residue, the steric interaction 
between Aze residues is weaker than those 
between Pro residues. Thus, the replace- 
ment of Pro with Azs destabilizes the 
collagenlike triple helix (130-132). 

Veber et al. incorporated Aze, Thz, and 
Pip in place of Pro in a somatostatin analoo 
c(Pro-Phe-D-Trp-Lys-Thr-Phe) (133). The 
resulting analogs exhibited higher activity 
than the parent analog. The incorporation 
of (O)Pro, (S)Pro. and Pip in place of Pro 
in morphiceptin provided analogs with re- 
duced activities (134). When o-Pio was 
incorporated at the same position the 
resulting Tyr-o-Pip-Phe-Pro-NH . showed 
opioid activity ( 135), unlike Tyr-o'-Pro-Phc- 
Pro-NH. (136). This result suggests that 
Che Pip residue can adopt conformations 
not allowed for the Pro residue. 



3.3.2 HIGHLY CONSTRAINED PROLINE MIMET- 

ics. Highly constrained Pro analogs have 
been devised incorporating additional func- 
tional groups (Fig. 20.19), Methanop- 
roiines, containing (5,3,01 and .(5 4 I| 
bicyciic systems, have been prepared, in- 
cluding 2,4-mcthanoprolinc (2 4-iVlcPro- 
Fig- 20,1S)A (137-139) 2,3-methanoprolinc 
(2,3.MePro; Fig. 20.i9B (140) and 3,4- 
methanoproline (3,4.MePro: Fig. 20.19C 

(141) . Methylation on a carbon of the 
prolme ring produced 2-methvlprol.nc 
[(aMo)Pro; Fig. 20.19D| (142) 'and V 
nncthylprolinc ((j3Me)Pro; Fig. 20. 19E| 

(142) . The ethylene group wiis incorpo- 
rated in the structures of 4-:,/:i- 
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CCOH 




COOH 



CCOH 

HN / 




CH-j 



,COOH 



CCC'H 



COOH 

HN / 



.CHj 




CCOH 



CH. 



CCOH 




CCOH 



.CCOH 



CCOH 

HN / 

J 

CCOH 

HN / 



K L 
tig. 20.19 Constrained proline minKMics. A. 2.4- 
mcthanoprolinc (2,4-MePro); B. :,J-mc(hanoprulinc 
(2. J- Me Pro): C. 3, 4- methanoproline (.V4-MePro): D. 
2-methyiproline |(aMe)Pro|: E. 3-mcthylprol.ne 
|(^Mc)Pro|; F, 4-a2aspiro|2.4|hepi;mc carhoxyiic 
add: G. .V4-dchydroproiine (3.4-dPro): H. dehvdro- 
piix-razic ueid (dPiz): 1. 2.2-dimeihvlthiay.olidiMc-4- 
c.rhuxylic acid (2.2-Otc): J. .S.,S-dnncthvlthi;»xul.dinc- 
4-cafh<)xyi;c acid (.v5-0ic): K. J .2..V.VK-ira- 
methylthia/nlidinc-4-carhoxylic acid: and I.. 2..^..vtri- 
niclhyUhia/ulldtnc-4-carboxyiic acid. 
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spirol2.4lhepUine carboxylic acid (Fig. 
20.19F) (141). In 3.^-dehydroproline (3.4- 
. dPro; Fig. 20.l9b (134) and dehydro- 
piperazie acid (APu; Fig. 20.19H) 
(129,143-145). one of the bonds in the 
ring was replaced with a double bond, in 
addition, nnethyl groups were introduced 
iaco the thiaiolidine structure and che re- 
sulting 2,2- or 5,5 -dimethylthiazolidine -4- 
carboxylic acid (Dtc; Fig. 20.191, J) have 
been extensively studied (146). Recently. 
2,2,5,5 - tetramethykhiazolidine - 4 - carbox- 
ylic acid was synthesized (Fig. 20.19K.) and 
cwo isomers of 2,5,5-irimechylthiazolidine- 
4-carboxylic acid (Fig. 20.19L) (120) were 
synthesized. 

Scheraga et al. carried out conforma- 
tional studies of 2,4-LMePro containing, pep- 
tides using NMR, X-ray crystallographic, 
and computational techniques ("138, 139). 
The NMR studies of Ac-2,4-MePro-NHMe 
and Ac-Tyr-2,4-MePro-NHMe in aqueous 
solution indicate that the Ac-2,^-MePro 
and Tyr-2,4MVlePro amide bonds adopt a 
trans structure to an over\vhelming extent. 
This result suggests chat the bicyciic struc- 
ture generated by the incorporation of a 
methylene group into a Pro residue stabil- 
izes the trans amide bond. The energy 
difference bet\veen cis- and trans-forms was 
calculated to be 5.9-8.8 kcal/mol. The ad- 
ditional methylene group also perturbs 
backbone conformational angles. The 
calculation of the interior torsion angle 4> 
of this amino acid showed two minima ac 
t29°, rather than one at -TC, as seen with 
the Pro residue. Similarly, optimal values 
for the t// torsional angle are also per- 
turbed. The average tif values of this amino 
acid arc -50° and 90°, whereas those of the 
Pro residue are -l9^ 75". and l60^ In the 
crystalline stale, the observed (0, ijj) angles 
• for Ac-2,4-MePro-NHMe and its enantio- 
mer are (-29°. 114°) and (29°, -114°), 
respectively. 

Marshall and his associates incorporated 
this amino acid in place of each of three 
Pro residues in hradykinin ( Arg-Pro-Pro- 



Gly-Phc-Sor-Pro-Phe-Arg). one at a tunc. 
In spife of the desirable effects of 2,4- 
MePro which stabilize the trans conhgura- 
tlon of the Pro-Pro and Ser-Pro amide 
bonds, the resulting analogs showed sig- 
nificanily reduced activities (137). An ex- 
planation for the reduced activities can be 
suggested by postulating'that the additional 
methylene of the 2,4-MePro is mvolved in 
conformational changes of the residue and 
the steric interactions with the receptor. 
Marshall's group also incorporated this 
amino acid into angiotensin [l (Asp-Val-Try 
-Val-His-Pro-Phe) providing an analog with 
26% of potency of the parent molecule. 

Stammer et al. synthesized 2,3-MePro 
and carried out conformational studies 
(140). In the X-ray structure of Ac- 
(2R,3S)-MePro-NHMe, the 4> and tor- 
sion angles are 76" and 7°, respectively, and 
the Ac-(2R,3S)-MePro bond is in a cis 
conformation. The cj) and t// angles were 
found to be essentially the same as those of 
Ac-D-Pro-NHMe. The NMR studies of this 
model compound indicate the existence of 
the two stereoisomers. A somewhat greater 
preference for the cis form of the Ac-2,3- 
MePro amide bond was observed. -This 
result was supported by the above X-ray 
structure and the relative energies of two 
isomers. The cis isomer of Ac-2,3-MePro- 
NHMe was favored over the trans isomer 
by 1-4 kcal/mol from the calculations. 
When a taste ligand was synthesized using 
this amino acid, the resulting compound 
(Asp-(25,3/?) -2J-MePro-OPrj was bitter 
(147). The NMR studies of this compound 
suggest that the Asp-(25.3/?)-McPro amide 
bond adopts only a cis configuration. The 
comparison of the relative energies of the 
fully minimized cis and trans isomers of 
Asp-(25,3/?)-MePro-OPr demonstrate a 
2.1 kcal/mol energy difference favoring the 
cis conformation. 

Delaney and Madi.son carried out con- 
formational studies of Ac-(aMe)Pro- 
NHMc and Ac-( j3 Mc)Pr()-NHMc (142). In 
the NMR studies, the Ac-(aMe)Pro-NH Me 
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did not exhibit a cis isomer in. any soivent. 
whiie both anti- and ^^^-{jS Me) Pro-NHiMe 
{anu\ [he mechyl group is on che opposite 
side of the proline nng from the carbox- 
amide. syn\ on the .same side) exhibited 
15% to 25% ol the cis isomer in different 
solvents. The absence of a cis isomer of 
Ac-{aMe)Pro-NHMe may be caused by the 
steric interactions between the a-methyi 
and acetyl-methyl groups. 

The conformational behaviors of Ac^an- 
n-(^Me)Pro-NHMe are nearly identical 
with those of Ac-Pro-NHMe in the same 
solvents (142). Speaficaily, the C, con- 
former {7-turn; 0 = -80^ t/r = 80°) domi- 
nates the conformational populations in 
nonpolar solvents. A mixture of C^, right- 
handed a helix, and polyproline 
80°, = 150°) conformers was observed in 
acetonitrile. On the other hand, in water, 
the polyproline 11 conformation predomi- 
nated. For Ac-5)/n-(^8Me)Pro-iNHMe. the 
y-turn can be destabilized by steric interac- 
tions between the methyl group and the 
carbonyi oxygen of the Pro residue. 

In addition, the hydrogen-bonding in the 
C; conformer of Ac-(cMe)Pro-NHMe (be- 
tween C(0) of the acetyl group and NH of 
the terminal methylamide) is unusually 
strong as shown by IR spectroscopy (142)'. 
A significant amount of this intramolecular 
hydrogen-bonding is retained in aqueous 
solution. These results indicate that the a- 
methyi group stabilizes the y-turn of this 
model peptide by inducing a fold of the 
mainchain to avoid methyl eclipsing inter- 
actions. The a-methylated structure also 
shields the peptide hydrogen bond from 
solvent. The stabilization of the y-turn by 
the or-methylation of Pro was also observed 
in the conformational studies of (aMe)Pro 
containing bradykinin (148) and other 
bioactive peptides (149). The (aMe)Pru- 
was incorporated into a renin inhibitor 
producing a highly active analog. Boc- 
(aMe)Pro - Phe - His - Lcu(//|CHOHCH, |Val 
-llc-Amp (150). 

Samancn ct al. examined the cunforma- 
litmal preferences of 5,5-dimcthylthia- 
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zoline-4-carboxylic acid (Die) (146). The 
'H-NMR spectrum of Boc-Dtc-lle-OMc 
displayed two stereoisomers resulting from 
che cis/trans isomerization of the Boc-Dtc 
bond. On the other hand, the X-rav crystal 
structure of Boc-Dtc-OH showed only a cis 
configuration of the urethane amide bond. 
Conrormationa! studies usino Ac-Dtc- 
NHMe suggest that the stenc^interaction 
between the ^ya-,6-methyl group and' the 
carbonyi group of Dtc destabilized the 
hydrogen-bonding between the Boc C(0) 
and the NH of che terminal amide of the 
conformation. This y-turn conformation is 
the predominant conformation for Ac-Pro- 
NHMe. Instead, the Dtc residue adopts 
conformations in which ijj is 110-150° or 
320-360°. These results suggest that the 
substitution of Dtc for Pro may test the 
functional importance of the C; conforma- 
tion in a position of a bioactive peptide. 
When this amino acid was incorporated 
into position 5 of an angiotensin II (Sar- 
Arg-Val-Tyr-X-His-Pro-f!e-OH) analog 
(92. 151) the resulting analog showed high- 
er activity than the Pro containing analog. 
This residue was also introduced into 
cholecysiokinin. An R-Dtc containing ana- 
log showed high bioactivity (152). 

Other constrained Pro analogs have 
• been incorporated into bioactive peptides. 
For example, 3,4-dehydroproline (i\Pro) 
was introduced into somatostatin (133), 
morphiceptm (134), and oxytocin (153) in 
place of Pro. The resulting analogs dis- 
played higher activity than the parent com- 
pounds. When ^Piz was incorporated ■ in 
place of Piz of the naturally occurring 
oxytocin antagonist, the resulting analog 
was highly active (1 15-117, 121). 

The introduction of additional groups 
into the proline structure also provides 
substantial preferences for their conforma- 
tions and cis/irans structures at the preced- 
ing amide bond. Thus, those proline 
mimctics can bo u.scful in the design of 
biologically iiciivc pcpiidc analogs since 
they affect local conformations and cis/ 
trans preferences n{ the amide bonds. 
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3 Constraineti Amino Acids 

3.3.3 PYROGLUT.AMIC ACiDS AND HYORO.XY 

PROLINE ANALOGS. Pyroglutamic aad 
(pGiu) also contains a N^-C cyclized 
structure, but a is tormed by /V-acyiation 
(Fig. 20.20A). This novel amino acid de- 
rivative is present in many naturally occur- 
ring peptides and has been incorporated 
into bioactive peptide analogs (154-158). 
Molecular mechanical calculations for l- 
oGlu-NHMe indicate that this residue 
adopts a folded conformation (159). How- 
ever, the X-ray structure of i-pGlu-NHMe 
has displayed an extended conformation. A 
highly constrained derivative of this res- 
idue,' 2,3-MepGlu: Fig. 20.20B) was also 
prepared to increase the metabolic stability 
of thyrotrophin releasing hormone (TRH). 
The resulting 2.3-MepGlu containing TRH 
analog is significantly more stable to en- 
zymatic degradation than TRH. The X-ray 
crystal structure of 2,3-MepGla-NHN4e dis- 
played that the ((/>, d^) angles of this residue 
are (-143°, -16°) (159). 

Naturally occurring hydroxyproline has 
also been modified. These synthetic studies 
include the introduction of an additional 
hydroxyl group (i.e.. 3,4-dihydroxy pro- 
line; Fig. 20.21)C): changes in nng size 
(i.e., 3,4-dihydroxy pipercolic acid: Fig. 
20.20D) (160) and alkylatlon of a hydroxy 
group (alkoxy proline: Fig. 20.20E) (161). 
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These analogs represent interesting mi- 
metics which can be incorporated into bio- 
active peptides. 



3,4 iN'' -Methylated Amino Acids 

The -methylated amino acids are com- 
monly found in naturally occurring peptide 
antibiotics. Since the methylation^ of N" 
eliminates the hydrogen on the N"" atom, 
the hydrogen-bonding pattern of peptides 
containing these amino aods are different 
from that of the unmethylated peptides. 
The. A/- methylated amide bond often 
adopts a cis as well as a trans geometry as 
with the N"-C" cyclized amino acid deriva- 
tives above. Conformational calculations 
and NMR studies on Sar-Sar (Sar: sarco- 
cine or N-methylglycine) dipeptide showed 
that the two forms are nearly isoenthalpic; 
the cis isomer is higher in energy only by 
(.).6kcal/mol (162). Amino acid /V-methyla- 
tion also affects the rotation of d and ip 
anc^les- The allowed conformational space 
of Ac-Ala-NHMe in a trans configuration is 
reduced when a methyl group is incorpo- 
rated (Fig. 20.21A). The allowed con- 
formational space for the cis isomer of Ac- 
(NMe)Ala-NMe is also ■ depicted (Fig. 
20.21B). The d> and t// angles of the two 
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Ki«. 10.20 Suuciurcs of A. pvroulu.a.n.c acu! (pdlu): B. L.Vnncth.nopyroiilu.annc aciO C.VMopClu). C, 
.V4.Uihyilrnxyprnlinc: 0. .V4.Jihy.lru.vP'lx'rail.c aciO; and 1:. ^-ailtoxypmlmc 
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Fig. 20.21 Conformational energy coniour map of A Ac-Ala-NHMe (solid). Ac-(NMe)Ala-NHMe {dashed) and 
Ac-Pro-NHMe (docted) in a iran^ connguranon of the amide bond: and 8, Acr(NMe)Ala-N HMe (solid) and 
Ac-Pro-NHMe (dashed) in a cis configuration of the amide bond. 



lowesi energy conformations for this isomer 
are approximately (-70°, 140°) and (-70^ 
-40''), respectively. These are similar to 
those for the Pro residue (.163. 164). 

The /V-methylated amino acid can affect 
the rotation of the C''-C(0) bond of the 
preceding residue. The angle of any l- 
amino acid residue which immediately pre- 
cedes a- A/°-methylamino acid is restricted 
to a range from 60° to 180°. When the 
/V-methylated amino acid assumes a trans 
configuration, a range of -l80°<(/^<0° is 
precluded by steric overlap involving the 
side chain of the preceding L-residue with 
the methyl group attached to the nitrogen. 
The same angle range is also precluded 
for the L-rcsidue followed by a cis con- 
former of the /V-methylatcd amino acid 
because of steric overlaps between the side 
chain of the L-residue and the C"H group 
of the /V-methyl amino acid. In addition, 
when the residue preceding the /V-mcihyl 
amino acid is a /3-substituicd or branched 
amino acid, the torsion angle for the side 
chain conformatitin (^) is also severely 
restricted by the /V"-niclhyiated residues 
( 163, IM). 



The. above conformational restrictions of 
/V-methylated amino acids has been used to 
help understand the molecular basis of 
the bioactivities of morphiceptin and der- 
morphin (163.165). The biologically im- 
portant functional groups of these two 
peptide opioids mvoive the amino and 
phenolic groups of the Tyr' residue and the 
aromatic group of the Phe'^ residue. The 
relative spatial arrangements of these func- 
tional groups can be defined by a set of 
ei^ht torsion angles: ip \ x \ 2nd a;' of Tyr'. 
(f)', (//", and (jj' of Pro' or D-Ala", 4>'^ and 
^x] of Phe'^'." To estimate each of these 
angles for morphiceptin bioactivity. a series 
of analogs were designed in which N- 
methyl amino acids were systematically 
incorporated into - morphiceptin and der- 
morphin tetrapeptides. The resulting ana- 
logs have showed a correlation between 
bioactivity and distinct conformational 
preferences. The biologically meaningful 
value of each torsion angle was specifically 
identified by comparing its accessible space 
and bioactiviiies of the corresponding ana- 
log. Similar methods were applied tor dcr- 
morphin. From these studies, conforma- 
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lions thai arc responsibiL- fur the bioac- 
iiviiics ot morphicepiin and dcrmurphin 
have been potitulated (163! 165). 

Aabry and iMarraud studied chc effects 
of /V-n^.ethylauon on the jG-turn struciurc 
by examining crysiai structures of ten /V- 
mcthylaied ^R-C( 0)-X-( NtMc)Y-NHR di- 
peptides (Table 20.5) (166). Five of these 
analogs contained homochiral X and Y 
residues, two contained a heterochira! se- 
quence and three contained one or two Gly 
residues. The distances between the a-ear- 
boos of the X and Y residues of methylated 
peptides in the trans configuration were 
found to be similar to those of the non-/V- 
methylated peptides. However, the dis- 
tances of the cis isomer are about I A 
shorter. Aubry and Marraud also fo.und 
that the ^-turn of heterochirai dipepcide 
sequences are not perturbed by A^-mechyla- 
tion and retain the same extent of ,iS-fold- 
ing. On the other hand, homochiral se- 
quences preferentially have adopted a dif- 
ferent /3-turn conformation upon /V-meth- 
yiation. 

In addition to peptide opioids (163. 165. 
167, 168), these amino acids were incorpo- 
rated into other bioactive peptides such as 
bradykmin ( 169). an opioid antagonist 
(CTOP) (170), TRH (164). angioten^sm 11 



(92). luteinizing honnonc-relcastng hor- 
mone ,^LHRH) (171). and CCK, (172). 



j.i j8- and y-Amino Cycloaikane 
. Carboxylic Acids 

The Pro residue allows a cis/ trans isomcri- 
zation at the preceding amide bond. There 
is difficulty in analyzing conformations 
where two or more distinct but interchang- 
ing structures are made up of all-trans 
isomer and isomers with at least one cis 
amide bond coexist. To avoid the possi- 
bility of such cis/trans isomerization . j3- 
aminocyciopentane carboxylic acid (jS- 
Ac'c: Fig. 20.22A) was incorporated into 
peptides ( 173-175). This amino acid is 
similar to Pro but the preceding amide 
bond can adopt only a trans configuration 
since it contains- an exocyclic amine. The 
residue contains an extra stereogenic cen- 
ter. Thus, four different isomers {IS2R. 
15.25, 1/R,2/?, and \R2S) are available. 
When these isomers are incorporated, each 
isomer imparts conformational effects on 
chc peptide structure. Thus, the compari- 
sons between the results of conformational 
analyses and bioassays of the four analogs 
containing these isomers can provide useful 
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Tablc 10.5 Conformations of A^-iVlethylated Amino Acid-Containing Dipeptides 



Compound 












Conformation 


/Bu-C(0)-Pro-(NMc)Ala-OMe 


-7U- 


153 


176 


-92 


157 




/Bu-C(0)-Pro-(NMc)Ala-NHiPr 


-62 


135 


-13 


ilV 




■j3VI-iurn 


/Bu-C(C))-Pro-(NMc)Lcu-NHMe 




146 


-4 


-U)« 


55 


;3VI-turn 


/Bu-C(0)-Pro-{NMc)PheMNHMc 


-63 


146 


4 


-113 


52 


i3VI-turn 


/Bu-C(0)-Ala-(NMc)Ala-NHiPr 


-66 


137 


- 1 


-1 13 


4,S 


/3VI-iurn 


/Bu-C(0)-.Pro-D-(NMc)Ala-NHMc 


-5K 


136 ■ 


-17S 


97 


- 19 




^Bu-C(0)-Ala-D-(NMe)Ala-NHMe 


-61 


12V 


179 


99 


-23 


/3n-turn 


/Bu-C{0)-Prt)-(NMc)Cly-NHiPr 


^.^6 


135 


- 17H 


96 ■ 


- 17 


^Jll-turn 


/Bu-C(())-Aia-(iNMc)Gly-NHiPr 


-71 


153 


171 


103 


- MS 




/Pr-C(C))-Gly-(NMc)Gly-NHiPr 


-73 


163 


174 


-90 


- 176 
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Fig. 20-22 Structures of A, /S-aminocyclopcntane carboxytic acid (j3-Ac"c); 8, y-amtnocyclopentanc carboxylic 
acid (y-Ac*c); C. aminoproKne (aminoPro; D. )9-proiine Pro); and E, piperidineacetic acid. 



information about the conformations re- 
sponsible for bioactivity. 

When jS-Ac'c was incorporated into the 
second position or morphiceptin, only the 
(15,2/?) isomer containing analogs were 
active (173, 175). The conformational anal- 
ysis of these analogs provided a preferred 
conformation which is similar to the struc- 
ture suggested from the studies of other 
morphiceptin analogs (163,165). Also 
these amino acids have been incorporated 
into somatostatin and taste ligands (174). 
Although the resulting somatostatin ana- 
logs were inactive, their conformational 
analyses provided useful information about 
the molecular basis for somatostatin bioac- 
trvity; The' taste of Asp-j3- Ac^c-OMe is 
dependent on the configurations of the ^- 
Ac c. For the trans-jS-Ac'^c containing 
molecules, the 1/^,2/? -analog is sweei, 
where the 15,25-analog is bitter. For the 
analogs with cis-jS-Ac'c, the 15,2/?-analog 
is sweet, whereas the l/?,25-analog is taste- 
less. The results of the conformational 
studies for these taste ligands were con- 
sistent with our model for the molecular 
basis of taste (174). 

Also synthesized was y-aminocyclopen- 
lano carboxylic acid (y-Ac\*; Fig. 2(1. 22B) 
(173). l-aminoprcilinc (aminoPro; Fig. 




20.22C), and j3-proline ' (^S-Pro; Fig. 
20.22D) (120, 176). These proline analogs 
have been incorporated into morphiceptin. 
The y-Ac'c and aminoPro containing ana- 
logs are inactive., but the bioactivity of 
^-Pro-containing analogs are dependent on 
the configuration of that residue (120). 
Piperidineacetic acid (Fig. 20.22E) has also 
been synthesized and is also useful as a 
peptidomimetic residue in constramed pep- 
tides (177). 



3.6 a,j3-Unsaturated Amino Acids 

In a,j3-unsaturated amino acids (dehydro 
amino acids) (178), a double bond exists 
between C" and (Fig. 20,23). These 
residues have been found naturally in anti- 
biotics of microbial origin and in some 
proteins. Singh et al. extensively studied a 
.number of small peptides containing dehy- 
drophenylalanine(s) (APhe) and dehydro- 
leucine (ALeu) using .X-ray crystallography 
(179-184). In most cases, these dehydro 
residues induce j3-turn structures in the 
peptide backbone by promoting hydrogen- 
bonding between C(0) of the residue / and 
NH of the residue i + 3 (Fig. -20.24) (185). 
The values of 4^ and ijj arc close to 80 and 
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Fig. 20.23 Structures of dehydroamino acid in £ und 
Z forms. 



0°, respectively, when the i\Phe residue is 
placed in the (/ + 2) position of the /3-turn. 
If these residues occur at the -J- I) posi- 
tion, the (p and ip are centered around -60 
and no*", respectively. 

In the cases of Ac-^Phe-OH or Ac- 
APhe-OEt, the 4> values are close to either 
-60 or 80*". These values suggest a marked 
preference of APhe for the two conforma- 
tions in which d> and ijj are -60 and 120° or 
80 and O'' (180). Similar results were ob- 
tained from the NMR and IR spectroscopic 
studies of Boc-X-ilPhe-NHMe (X = Ala, 
Gly. Pro, Val) (186). From the X-ray-crys- 
tallographic studies of Ac-Pro-AVal-NHMe. 
a slightly different jS-turn was observed. 
Tais peptide adopts the torsion angles, 
0^ = -68.?", ti/, = -20. r, 6. = -73.5^ and 
(/,^ = -14.P (187). This conformation is 
characterized as a /3-turn structure between 
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the tvpe 1 and the type 111 conformations. 
The NMR and IR studies of model pep- 
tides, homochirai Ac-Pro-Y-NHMe (Y = 
Val. Phe, Leu, Abu), and heterochirat Ac- 
Pro-D-Y-NHMe, as well as a,j3-unsatu- 
rated Ac-Pro-i^^Y-NHMe (/AY = iWal, (Z)- 
ilPhe, (2)-cXLeu. _(Z.)-AAbul were carried 
out (188). The homochirai compounds are 
conformationally flexible and display an 
inverse y-turn. a S-curn and open forms in 
an equilibrium depending on the nature of 
the Y residue side chain. However, the 
heterochiral and a ,/3-dehydropeptides dis- 
play type II /3-turns as the dominating 
secondary structures (188). 

The crystal structure of the linear tetra- 
peptide, Boc-Leu-APhe-Ala-Leu-OCHi, ex- 
hibits, a double turn in which .the type III 
and type I jS-tums occur consecutively 
using. APhe as a common corner residue 

(189) . This structure contains Leu (0 = - 
54.1°, ii/ = -34.5°) and APhe (^ = -59.9, 

' (ii = -17.1°) as the corner residues of the 
type [II jS-turn. and APhe {o - -59. 9^ «// = 
-17.1°) and Ala {d> = -80.4°. =0.5°) as 
the corner residues for the type 1 jS-turn. 
Furthermore, two Intramolecular 4-1 type 
hydrogen bonds were obser/ed to stabilize 
this turn structure. The above torsion an- 
gles indicate that the overall structure of 
this peptide is helical. Similar 3,n helical 
structures induced by consecutive j3-turns 
are observed in other peptides containing 
APhe, including Z-o-Ala-APhe-Gly-NH , 

(190) and Ac-APhe-Val-OH (191). 

When peptides contained two APhe res- 
idues, such helical structures ■ were more 
clearly observed. For example, the peptide 
Ac-APhe-Ala-APhe-NHMe adopts a right- 
handed 3,,,-heiical conformation (192). The 
two consecutive lO-membered rings are 
formed by two hydrogen bonds between 
acetyl C(0) and NH of^ilPhe' and between 
C(0) of i^Phe' and NH of the /V-methyl 
amide. In the solid state, the conformation 
of Boc-o-Ala-APhc-Gly-£lPhe-D-Ala-OMe 
is characterized by the presence of two type 
III j3-turns. Thus, this peptide assumes a 
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leh-handed 3,,,-heiical conformation The 
left-handed sense is due to the u-Ala rcs- 
■dues (193). (n the crystal structures uC 
boc-Gly-dPhe-Leu-£\Phe-Ala-NHMc ( lyai 
afid Boc-Ala-iiPhe-dPhe-NHMe (195) ^ 
helical structures were observed. Rccen'tiv 
Chaunan et ai. reported a crystal structure 
ot Boc-Val-iPhe-Ala-Phe-Ala-Phe-dPhe- 
Val-dPhe-Gly-OMe (196) which showed 
^even consecutive type III /J-turns formed 
Dy seven 4-1 intramolecular hydrogen 
bonds. Thus, the overall conformation is a 
ngnt-handed 3,„ helu wuh three complete 
helical turns. 

The AAla residue has different con- 
formational preferences from those ob- 
served in APhe and ALeu. In the crystal 
structure of Boc-Phe-AAIa-OMc the <i> 
and angles of the dAla residue arc - 170 
and 178" (!97). The NMR studies of the 
other /AAla containing peptide, Boc-X- 
^Ala-NHiVIe (X - Ala, Va! and Phc). indi- 
cate that the dAla induces an inverse y- 
furn around the precedins residue of the 
^Ala (X residue) (198). The <A and «> 
angles of the preceding residue of dAla arc 
/O ana 70°. respectively. The imerproton 
distance between C"H of the / + | residue 
and NH of the , + 2 residue ,s ^ ^ A 
Unlike the structure of Boc-Val-dAla- 
NHMe in solution, the corresponding satu- 
rated analog. Boc-Val-Ala-NHMe. does not 
show any intramolecular hydrosen-bond- 
mg. A similar inverse turn structure of 
dAla was observed in the conformutional 
studies of nisin ( 199). 

In addition to restricting the peptide 
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backbone, the dehydrustructurc fixes the 
Side Cham conformation. The side chain 
conformation is one of the moM important 
factors m gencratmg a favorable irucraciion 
between peptides and acceptor molecules 
(receptors or enzymes), The Newman oro- 
jections about the C"-C" bond in three 
classical low energy conformations of R 
substituted amino acids in a peptide arc 
depicted ,n Fig. 20.25. When these confor- 
mers ot an u-ammo acid are e.xamined by 
standard steric factors, the gauche " {g ■ 
X, - -60°) and trans (/; = i,so°) confor- 
mejs show similar stability; the gauche" 
is : X, = 60°) is the least stable'.^ In the 
C -C dehydro structure, only two forms 
(Z and £: Fig. 20.23) are possible. The y 
ot the Z-isomer is 0°. whereas that of £- 
isomer is fixed at 180°. 

Because of the difficulty involved in the 
syntheses of (£)-dehydroamino acids 
(200,201), the (Z) isomers have been 
studied more extensively. The dchydro- 
am.no acids have been incorporated into 
various bioactive peptides includins: oeptide 
opioids (202-207), thyroliberin" (208), 
TRH (209), bradykinin (210) and in- 
hibitors of the /V-acetyiated a-lmked acidic 
dipepridasc (21 1 ). 



3.7 /?,/3-Dimethyl and jS-iVlethyl .Amino 
Acid.s 

Side -chain dimethyl substitution .strongly 
affects the conformation of a given residue. 
The global topology and dynamic prop- 
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crucs o'i cyclic pcpudcs arc mrtuenccd by 
the bulkincss of gcminal incchyi groups. A 
_S.jS-dimcthyi amino acid, penicillamine 
(Pen, p.jS-dimeihylcystcine) has been used 
{or many disul-hdc, bridged cyclic peptides 
including angiotensin II (212), oxytocin 
antagonists (2L3). peptide opioids (214. 
215). ROD peptides (44). and others (216. 
217). The incorporacion of Pen affects the 
disulhde bond angles through steric con- 
straints. When this amino acid was incorpo- 
rated into cyclic enkephalins [i.e.. Tyr-c(o- 
Pen-Gly-Phe-D-Pcn)-OH: DPDPEl. the re- 
sulting peptides were highly 5 opioid re- 
ceptor selective (Table 2U.I) (213). These 
results indicate chat the Pen can stabilize 
the conformation responsible for recogni- 
tion at the 5-receptor. However, these 
peptides were less active than Tyr-c(D-Cys- 
Gly-Phe-D-Cys)-OH (218). It is possible 
that the extra methyl groups stericaily hin- 
der the interaction of the peptide with its 
receptor. 

Monomethylation on the jS^carbon (219) 
of amino acids can bias sidechain con- 
formations by virtue of steric interactions. 
.A j3-methylated-j3-substitutcd amino acid 
can have four different stereochemical 
structures because it contains two chiral 
carbons (25.3/?, 25.35. 2/^,35 and 1R3R). 
Each isomer favorably adopts one of the 
three different side-chain conformations 
, t and as, mentioned in the previ- 
ous section.^Fig. 20.25). The 25 J/? isomer 
favors the ' conformation and the 25,35 
isomer favors the trans conformation (Fig. 
20.26). In addition, the 2/?J5 isomer 
stabilizes the conformation while the 
i.sonicr prefers the /ra/i.T conforma- 
tion. 

This modihcation has been applied 
to the aromatic residues of a somatostat- 
in analog, lc( Pro-Phc-D-Trp-Lys-Thr-Phe)l 
(22tl). The population of three side-chain 
conlormaiions ( .i,' . / and x') "^''^^ calcu- 
lated from NMR studies (221). As specu- 
lated ill l-igure 2(1. 2^,. lhe•--25,3/^ and 
2/?.35-aroniaiic residues contain a higher 



popukuiod of o and <^ ' ..respectively. The 
25.35- and 2/?. 3/?- residues adopt a / con- 
formation with increased populations com- 
pared to those of the parent analogs. The 
resulting analogs have shown different 
bioactivities. which were clearly dependent 
on the "conhguration at the a-. and /j-car- 
bons. From the conformational analyses of 
these analogs, a mode! responsible for the 
btoactivity of somatostatin can be sug- 
^^ested. In addition, molecular dynamics 
calculations of these analogs permit the 
proposal of a pharmacophoric array which 
IS dependent on the configuration of /5- 
methyl groups. 

Hruby et ai. incorporated (/3Me)Tyr and 
(jSMe)Phe into positions 1 and 4 of 
DPDPE, re:spectively (222.223). The re- 
sulting (j3Me)Tyr-containing analogs were 
completely inactive at the opioid receptors. 
Among the analogs containing four Isomers 
of (jS!Me)Phe, only the L-(6Me)Phe con- 
taining analogs were active but their ac- 
tivities were lower than those of DPDPE. 
The preference of u-amino acid at position 
4 was also observed in the structure-bioac- 
tivity relationship study on their parent 
analogs. A possible explanation for the 
lower activities is the unfavorable inter- 
action between these analogs and opioid 
receptors caused by scene hindcrance due 
to the methyl group. Recently, .3,2'-di- 
methylphenylalanine was synthesized. This 
residue contains an additional methyl group 
on the 2 position of phenyl ring. When the 
stereo isomers of this residue were incorpo- 
rated into oxytocin, all of the resulting 
analogs were active (224). 



3.8 )[J-Substituted-2,3-Methano Amino 
Acids 

These amino acids contain the structure of 
/3-substitutcd Ac'c (Fig. 20.27). They re- 
strict the rotation of the N"-C" and C - 
C(0) bonds in a manner similar to Ac c. 
The calculated global energy minimum of 
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Fig. 20.26 tMewman projections of chc side chain 
substituted amino acids. 

the {15.25)-(£)-jS-mechy(-a,^-methanoal- 
anine [or ( i5,25)-(£)-l -amino-2-rnethylcy- 
clopropane carboxylic acid; (/3Me)Ac-cJ 
was found to occur at 0 = -90° and = 90° 
(225). Another minimum energy wel! was 
found to occur at (i> =90°, t// = -60°. The 
allowed 0, (// conformational map ' of 
(15.2;?)-(2Hj3Me)Ac-c was also calcu- 
lated. The results indicated that the mini- 
mum energy occurs at = -90° and t// = 
90° {225), 

Since (j3Me)Ac'c has two chiral car- 
bons, four stereo isomers of this amino acid 
are available. All of these stereo isomers 
have been incorporated into taste tigands 
leading to Asp-(/3Me)Ac- c-OMe f226). 
The \R2R isomer containing compound is 
sweet, whcrca.s the other analogs contain- 
ing the other stereo isomers are tasteless. 
In addition, dimethyl and trimelhyl Ac'c 
were al.so synthesized and incorporated inn) 
taste ligands (226). Conformational analy- 



cunCoriTiiiiions uf (25..xS")- and (l^.j /0-/i-mcihylated-/3- 



ses were carried out for all of the above 
taste ligands using 'H-NMR and molecular 
modeling, techniques (226). Their taste 
properties were explained- on the basis of a 
previously reported topochemical model 
for taste response (227-231). 

These 2,3-methanoamino acids severely 
restrict the rotation of C"-C^ (^,) and 

■ C^-C^ (Xi)- The of the (Z)-isomers are 
fixed at +120° or -120° while those of the 
(£')-isomers are restricted to 0° (Fig. 
20.27). The X-ray crystailographic study of 
the dipeptide, (Z)-( + )-(j3Ph)Ac'c-Leu-0H 
|(^Ph)Ac'c denotes l-amino-2-phenylcy- 
clopropane carboxylic acid (or 2,3- 
methanophenyialanine)]. indicates that the 
(^Ph)Ac*^c residue adopts the conforma- 

• tion where 6 = HH.4^ t/y = 21..V'. ^, = -132° 
and =99° (232). The X: ^tnglc of this 
structure can be explained by the ability of 
cycloprt)pane to. restrict side-chain rotation. 
These 2,3-melhan() amino acids have 
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elude 2.3-methanomechionine (237), 2,3- 
methanohomosenne (233) and ochers (239, 
240). In addition, 3,4-methano amino acids 
such as 3,4-mechanogiutamic acid (241, 
242) and 3,4-nnechanohonnophenylalan- 
ine (243) have been ceported. 



hylated-j3- 



e aoove 
oiecular 
. ir taste 
asis of a 
model 

severely 
AT,) and 
Tiers are 
e of the 
^ (Fig. 
Study of 
Leu-OH 
henylcy- 
)r 2,3- 
that the 
•nfonrria- 
= -132" 
of this 
ibility of 
oiation. 
Is have 



Fig. 20.27 Structures of £- and Z-isomcrs of j3- 
substiioLed-2.3-methano amtrio acids. 



also been incorporated intO' bioactive pep- 
tides. For example, four possible stereo- 
isomers of (/3Ph)Ac'c and (^HO-Ph)Ac c 
(l-amino-2-(4-hydroxy) phenylcyciopro- 
pane carboxylic acid or 2,3-methanoty- 
rosine] were incorporated into- the (o- 
Ala\ Leu" )-enkephalin sequence. Only 
one of Che (Z)-(i3 Ph)Ac'c containing ana- 
logs showed bioactiv.ity at the ,u and o opi- 
oid receptors while the ochers were in- 
active. Interestingly, among the inactive 
analogs, one of the (£:)-(jS Ph)Ac- c con- 
taining analogs exhibited antagonistic ac- 
tivity at the 5-receptor (233,234). Most of 
the '(/3H0-Ph)Ac-'c (235) contaming ana- 
logs were active only at the 5-receptor 
without any antagonistic activity (236). 

Other 2,3-methano amino acids have 
been synthesized. These amino acids in- 




3.9 iN-C^ and C-C- Cyciized Aromatic 
Amino Acids 

The cyclization between N and or be- 
tween and C*^ of Phe and Tyr has led to 
highly constrained amino acids such as 
1,2,3,4 -tetrahydroisoquinoline -3-carboxyl- 
ic acid (Tic) (98,244,245) 2-aminomdane 
-2-carboxylic acid (Aic) (98) l-aminotet- 
ralin-2-carboxylic acid (Ate) (98), 7-hy- 
droxy-l,2,3,4-tecrahydrolsoquinoline car- 
boxylic acid (HO-Tic) (246.247), 2-amino- 
5-hydroxymdane carboxylic acid (Hai) 
(248) and 2-amino-6-hydroxytetralin-2-car- 
boxylic acid (Hat) (Fig. 20.28) (248.249). 
These amino acids are particularly effective 
for hxing the rotation around C"-C (,Vi) 
and C'^-C" {xi) bonds. The Tic residue 
restricts ,v, to either -60° (^ *) or 60° {g'). 
7he = 130° (0 side-chain rocamer is 
excluded. The X: ^o^* ^^^^ residue is about 
160° (98,244,235). In the Aic or Hai 
residues (Fig. 20.28B), ^, and are re- 
stricted to -80 and .-20° or -160 and 20° 
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(98). The Ale and Hat rc:iidue:i (Fiy:. 
20.2;SC) can adopt only two sidc-cham 
conformations. These conformations are 
charucterized by torsion anslcs [y ~ 
(0- X: = 2y\ or \^y^.= -ar^(g^)\ _ 
25"! tor the L-residue and = [Sif {f) 
X: = -25^] or 1^, = 60^ (^.'). = 25°] for 
the o-residue (98). 

The Tic, Aic. and Acc compounds were 
incorporated into a dermorphm analou Tyr- 
c(o-Orn-Phe-G[u)-NH. as modihcacions 'of 
Phe by Schiller et aJ. (98). The resukinu 
analogs, which contained Aic, D-Atc and 
L-Atc showed bioacctvicies ai the recepcor 
binding assays, whereas the Tic co.ntaininii 
analog was totally ' inactive, Hruby et aL 
incorporated the Tic residue into m opioid 
receptor selective antagonises to examine 
the side-chain conformations for bioactivitv 

(250) . A new series of 5 opioid receptor 
selective antagonists have been obtained 
using Che Tic residue by Schiller ci al. 

(251) . The Tic residue has also been in- 
corporated into bradykinin ( 161 ). When the 
Hai and. Hat were incorporated into posi- 
tions 1 and 4 of the enkephalin sequence, 
respectively, the resulting analog with Hai 
showed M-rcceptor selective^ activitv, 
whereas the analog with Hai was inactive 
(248). In addition, the Aic'-containing 
chemotactic peptide analog, HCO-Mct^^ 
Leu-Aic-OMe, was highly active (252). 



3.10 Substituted Proline 

Ail three types of amino acids described in 
Section 3.9 are effective in the restriction of 
the conformations around the C'-C bond 
because of the inclusion of this bond in a 5- 
or 6-mcmbered ring.. However, because of 
their bicyclic structures, these mudiiicatiun.s 
also limit the allowed values of Thus. (3 
substituted prolines are • adractivc as 
mimelies since thev allow for conformation-' 
ill freedom m the ^, rotation of ihe side 
^hain. In this structure, the ^, rotation is 
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t-ig. 20.29 Structures ut " A. ^J-phciiylorolinc 
|(/3Ph)Pro| and B. -!-hydr()xyphcnvl)prulinc 
(Hpp). 



• The jS-phenylproline [(;eph)Pro: Fig. 
20.29A (253)J and j3-(4'-hydroxypheny0- 
proline (Hpp: Fig. 20.29B (254) residues 
were synthesized and incorporated into 
opioid peptides. These proline analogs can 
be considered as tN'*-C^ eyclized phcnylal- 
anmc or tyrosine'. When the enantiomenc 
mixture of /Aa/7:r-/3-phenylproline was in- 
corporated into Tyr-Pro-X-!N(CH..),. unly 
one of the resulting analogs was active 

(253) . The frans-Hpp containing cyclic der- 
morphin analog '-Hpp-c(D-Cys-Phe-o-Pen)- 
OH showed activity similar to that of the 
parent analog, whereas the D-r-Hpp con- 
taming analog was completclv inactive 

(254) , 

Other functional groups, for example, 
the propyl and carboxyl groups, have been 
incorporated mto the P position of Pro 
-(255): Various a and >-subsii<uted prolines 
were also synthesized and are likely candi- 
dates to be incorporated into bioactivc 
peptides (256-258). 



3.11 Miscellaneous Mimetics for Amino 
Acid.s 

The incorporation oi' a bulky side chain can 
provide cotiformational eonsiraints for a 
peptide. The bulky groups can resinei the 
nuwcmenis of the other side chains .of the 
pe[)nde. 'I'his steric interaction may lead to 
changes in the conftirmaiion t)f peptide 
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a tVlole^iutur Mimics of Peptide Secondury Siructurcs 

backbones. Naphthylaianine [/3Nal(n or 
j3Na!(2)| (259.260) and 0-^butylscrinc or 
O-^butylthreonine (261,262) were in- 
corporated into cyclic and linear en- 
kephalins. The resulting analogs were more 
constrained and showed higher bioactivuies 
than the parent analogs (260,263). 

The incorporation of a o-annino acid is 
one of the most popular modifications. In 
naturally occurring peptides, o-amino acids 
are often observed as a critical residue for 
bioactivity. For example, the D-amino acids 
at position 2 of dermorphin and deltorphins 
are required for opioid activities (21f^). In 
many cases, the incorporation of a o-amino 
acid increases bioactivities of peptides in- 
cluding enkephalins (218), somatostatin 
(31). and oxytocin (264). When the second 
residue of enkephalin (Gly) was replaced 
with D-Ala. the resulting analog showed a 
higher hioactivUy and metabolic stability 
than the parent. The replacement with u- 
Ala generated an inactive analog. In addi- 
tion, incorporation of the o-residue can 
affeci the secondary structure of peptides, 
if the central residues of a j^-turn (/ + 1 and 
/ 2 residues) have the i.-conhguration, a 
type 1 turn Is often formed. If the residue at 
the / + I position Is l and the residue at 
position / + 2 is 0 (an L.o-pair). then a type 
11 form is stabilized, A D,L-pair at the 
central position will stabilize a type IT 
turn. These results arc well summarized in 
a review by Rose et al. (185). 

Combinations of amino acid niodiHca- 
tions have also been considered. The 
(NMe)Aib and (NMc)Ac'c have been syn- 
thesized in which yV-meihylation and rr- 
alkylaiion are combined. An attempt was 
made to inct)rporulc these residues in place 
uf Pro" of the cyclic somatostatin analog 
I c( Pro" - Phe' -i) - Trp'" - Lys' - Thr - Phe " ) | 
(26,^^.266). After the partially protected 
linear hexapepiides H-t)-Trp-Lys( Boc)- 
Thr(/Hu)-Phe-(NMe)Aib/ (NMe)Ac\'-Phe- 
()H were assembled, they were cycli- 
/.ed. During ihe removal of the Boc and 
t\U\ protecting grt>ups in the proenee 
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ui triiiuoroacetic acid. halt of the 
(tNMe)Aib containing cyclic molecule wu^ 
riiiii-opened. In case of the (NMe)Ac'c 
structure, all of the protected cyclic peptide 
was ring-opened. The cleavage sites arc 
identihed as the amide bond of (NMe)Aih 
and (NMe)Ac'c to the succeeding 
phenylalanyl residue by NMR spectros- 
copy. Preliminary results of conformational 
studies for the protected {NMe)Aib and 
(NMe)Ac'c containing cyclic peptides indi- 
eated that the amide bond between 
(NMe)Aib/(NMe)Ac'c and the succeeding 
residue Phe is highly constrained. 

The j3-amino-tetrahydronaphthyl car- 
boxylic acid (^Atnc) has^ also been syn- 
thesized as a constrained Phe analog on the 
basis of the j3-amino acid structure (120). 
The a-benzylproiine is a new type of con- 
strained amino acid which incorporates the 
N-C" cyclization on the Phe structure 
(256). 



4 iVlOLECULAR MIMICS OF PEPTIDE 
SECONDARY STRUCTURES . 

The secondary structures of most peptides 
and proteins show weil-dehncd conforma- 
tional features. It is well known that these 
structures are critical for the bioactivities of 
peptides. The secondar>- structures of pep- 
tides can be interchanged because of inher- 
ent hexibility. Thus, efforts have been 
made to hx specihc secondary structures in 
peptides by use of peptidomimetic struc- 
tures. A recent issue of Tetrahedron was 
devoted to' the studies of pcptidomimetics 
for peptide secondary structures. (267). 

One of the most important structural 
features of peptides and proteins is the 
j3-turn. In many proteins. j3-turn structures 
are exposed and may be part of ligand 
recognition sites (KS5.26<S). Furthermore, 
/j-iurns are common conformations tor 
manv bioactive peptides. In i-igure 20.30. 
representalive nonpcpiidic jy-iurn mimics 
are depicted. When these structures were 
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Fig.. 20.30 {Continued) 



incorporated ioEO bioactive peptides, some 
DC the resulting analogs showed high activi- 
.ty. The studies on. the nonpeptidic /3-turn 
mimics were reviewed by Ball and 
Alewood (Fig,. ;2{).3iA-M) (269), and their 
modified forms or new jS-turn mimics were 
reported (Fig. 20-3iN-W) (270-279). 

A y-turn mimic has been synthesized bv 
Huffman ct ai. (280). in the Figure 20. 3l'. 
the generalized y-turn (A) and Huffman's 
mimic (B) are depicted. Compared to an 
idealized y-turn, where torsional angles are 
.A,. = 120°. ^,.,=80°. (A,M--65°, and 
<t>i^2- -120, the corresponding angles de- 
termined by X-ray crystallography of the 
mimic arc ip,- = 12-8'', 0., , = 56^ lA,-, j = -67'' 
and <^.,, = -123*^ (280). When this mimic 



was incorporated into ROD antagonists, 
the resulting analogs were highly active 
but. interestingly, enkephalin analogs were 
inactive (281). It may be that y-turn de- 
stroys the enkephalin recognition at the 
receptor. Kahn et al. synthesized another 
y-turn mimic (Fig. 20.31C). When this 
structure was incorporated into bradykinin. 
the resulting analog exhibited bioactivity 
(232). Kemp and Carter also suggested two 
structures as y-turn templates (Fig. 20.32) 
(283). 

In addition, mimics or templates of /3- 
sheet structure have been studied, in the 
conformational studies of a naturally occur- 
ring antitumor agent bouvardin, it. is indi- 
cated that the jS-shcet . structure of this 
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compound can be siabiiized by the scruc- 
cure depicted in Figure 20.33 A (284). Kemp 
et ai. mimicked and"^ induced /3-sheet struc- 
ture by using, epindolidione derivatives ( Fio 
2().33B) (285, 286). When this structure was 
mcorporated into a peptide, the NMR 
parameters (temperature coefficients for 
amide proton, coupling constant for a- and 
amide proton and NOEs measured m 
DMSO) of the peptide mdicated that the 
resulting peptide adopted ,5-shcct struc- 
ture. The compound 2'-aminomcthylbi- 
phenyl-2-carboxylic acid (Fiii. 20.33C) 
was devised for the same purpose (287). 
However, a was found to generate a con- 
formation between the geometries of an 
idealized jS-sheet and y-!oop (287). Re- 
cently, two new structures which can stabil- 
ize a /3-strand were reported by Diaz et ai 
(Fig. 20.34D) (288) and bv Smith ei al' 
(Fig. 2().34E) (289). In the study by Diaz ei 
-ai. (288)" '^-(2-aminoethyl)-6-dibcnzofuran- 
propionic acid (Fig. 2().34D) was incorpo- 
rated in place of n-Phe-Pro in the linear 
gramicidin S octapeptide analog Val-Lys- 
Leu-i>Phe-Pro-Val-Lys-Leu-NH,? It was 
also incorporated into a larger related pep- 
tide. Lys-Val-Lys-Val-Lys-Val-l4-(2-amtno- 
ethyl )-6 -dibenzofuranpropionic acid|-Val- 
Lys-Val-Lys-Val-Lys-NH,. The NMR and 
CD studies of these peptides in aqueous 
solution indicated thai the mimetic (l-'ig. 
2(1. 33D) can siahili/.c the an.tiparallel ^- 
shect structure. Tlie mimic reported hy ■ 
Smi(h et ;•.!. (hg. :u.3.M{) ,s characterized 



by the pyrrolin-4-ones (289). The X-ray 
analysis of a mode! compound including 
this structure (Fig. 20.33E) indicated the 
presence of an antiparallel /3-pleated-sheet 
structure (289).' 

Helical structure can also be stabilized 
by peptidomimctic structures. Kemp et ai. 
synthesized mimetic structures in which the 
pyrrolidine rings of two consecutive Pro 
residues were connected bv a 
thioniethylene. The resulting umt.s could 
act as templates nucteating helical con- 
formations (290.291). Muller ei ai. in- 
corporated derivatives of diacvi-azabi- 
cycIoj2.2,2]octane (Fig. 2().34A) -and 
Kemp's triacid (Fig. 20.348) into the /V- 
terminus of peptides as lempla.tes for a- 
helical structure. The resulting peptides 
exhibited substantially increased hclicity 
compared to the peptides without such 
templates (275). 

!n addition, dipcpiide structures can be 
designed as constraints [o restrict the con- 
formational tlexibiliiies of the backbone 
and side chains. The resulting units display 
unique conformational preference and can 
thus stabilize the .secondary structures of 
peptides. Toniolo has reviewed these types 
of constrained units extensivelv ( 128). 
Also, several subsequent reports on the 
same structures described in the review 
article (128) have been published (2*^2- 
2^^7). Recently, new lypcs of con.straincd 
dipejMide units have aisti been reported 
(29S.2^>9). 
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5 AtVlIDE BOND ISOSTERES 

Peptides are rapidly and speciftcaity de- 
graded by enzymes in biological systems. 
For example, the (Leu')-enkephalin m a 
rat-brain homogenate degraded in a matter 
o( minutes. To increase metabolic stability 
of biologically active .peptides, many amide 
bond isosteres have been devised. These 
peptide bond surrogates resemble the 
amide bond but are more resistant to 
enzymatic cleavage. Most of these modi- 
hcations are accompanied by changes in 
geometric or topochemicai structure, elec- 
tronic distributions, and hydrophilic or 
lipophilic properties. The introduction of 
amide isosteres results in local and global 
changes in dipole moments and in the 
pattern of intramolecular as well as pep- 
tide-receptor hydrogen-bond formation. 
Thus, peptide bond modifications not onlv 
increase metabolic stability but can im- 
prove selectivity towards the receptor 
subtypes, change pharmacological functions 
and enhance pharmacokinetic properties 
such' as oral bioavailability, transportabili.tv 
across the blood-brain barrier and duration 
of action at the target tissues. 

As in the case of constrained amino 
acids, isosteric modifications at selected 
sites of a peptide sequence can act as ' 
conformational probes by allowing differ- 
ent degrees of rotational freedom in the 
backbone. Selected properties of the amide 
bond can be removed through the peptide 
backbone modifications, which may allow 
the examination of the specific require- 
ments for bioactivity. These characteristics 
make the amide bond isosteres ■ attractive 
tools for studying bioactive peptides and 
designmg new drug molecules. 



5,1 The Retro-Invcrso Modificatioas (NH- 

U0)1 

As a niciiiis ol' prt)icciion ai::iinsi cn/yinatic 
clcavaLic as well ;ks prcscrvatii)n o( amide 



geometry, the rctro-inverso modification 
has been one of the most widely used 
.amide isosteres (30U.301). In this modi- 
fication, specific peptide bonds are reversed 
m direction resulting in a ^em-diaminoalkyl 
residue (^AA) on the amino-terminal end 
and a 2-alkylmalonyl residue (mAA) on the 
carboxyl-terminal end of each reversal 
(Fig. 20.35). This one-bond reversal is 
referred to as the "pairwise" retro-inverso 
modification because it affects pairs of 
adjacent residues, [f the reversal operation 
is repeated for two or more successive 
amide bonds in a peptide, the modification 
is referred to as an '^extended" retro-in- 
verso modification. The sequence-direction 
of central residue(s) in the altered segment 
should be reversed to give retro-amino 
acids (rAA: Fig. 20.35). These modifica- 
tions have been incorporated into numer- 
ous bioacnve peptides. Many of the re- 
sulting analogs are highly active, selective, 
and metabolicatly stable. Recently these 
results have been reviewed by Chorev and 
Goodman (302) and the review also in- 
cludes the development of synthetic meth- 
ods and numerous conformational studies 
of these modifications. 

In addition, the reiro-inverso modifica- 
tion is useful for designing new cyclic 
structures. For example, cyclization bv con- 
necting two carboxyiic groups is facilitated 
by using the^em-diaminoal^kyl residue. To 
connect two amine groups, dicarboxylic 
acids are the most appropriate. These con- 
cepts were applied for cyciizing bioactive 
peptides including opioid peptides (303) 
■ and others (304). 



5.2 The Reduced Amide Bond 
(Methyleneamine: CH^-NH) 

Meihylcncaminc is a reduced form of 
amide bond. This amide isosterc (-CH^- 
NH-) does noi have the double bond 
eharaeter. Thus, the reduced' peptide bond 
offers free rotation around the C-N bond 
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(oj angle), in addition, since the amino 
group of methyleneannine is proconated at 
physiological pH, the methylene cannot act 
as a H-bonding acceptor. 

The influence of a protonaied methyl- 
eneamine bond on the secondary structure 
of peptides was studied by Marraud et al. 
(166,305,306) using the reduced bond 
modified dipeptides, fBuC(0)-Pro-Gly(/'- 
[CH,-N^H,EtpB"Ph, and rBuC(0)-Pro- 
Giyt/^fCH^-N^H^MepB'Ph, (where de- 
notes a pseudopeptide or surrogate bond), 
the effects of this modification on the 
ability to form a ^-lurn were studied. In 
solution, IR and 'H-NMR experiments 
showed evidence of strong hydrogen-bond- 
ing between N'-H and C(0) of the f- 
butylcarbonyl groups. The protonation of 
an amine in the reduced bond facilitated 
the formation of a lO-membered ring, simi- 
lar in structure to j3-turns. This result 
indicated that "a reduced amide bond in 



pseudopeptide analogs can retain ^-folding 
tendencies, at physiological pH. 

When the amme of the reduced amide 
bond is not protonated, the overall con- 
formation of the pseudopeptide unit can be 
very different. Van Blnst et al. studied Pro- 
Leu-Gly-NH., which is potentially-useful in 
the treatment of mental depression and 
Parkinsonism (307). This peptide adopts a 
preferred C,„ jS-turn conformation in 
DMSD or aceioniiriic and in the crystalline 
state. When an amide bond is replaced by a 
mcthyleneamine, the conformation of the 
resulting peptides shows a depend- 
ence on protonation status. The HCrPro- 
LeutA(CH,-NH]Gly-NH. adopts a similar 
conformation to the parent whereas the 
HCl • Pro - LeuU/l CH , - NH ^ HClJGly - N H, 
does not display a /3-iurn structure. 

When one of the amide bonds in bom- 
besin (308-310). secretin (311), peptide 
opioids (312-3U1). substance P (317. 31S). 
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uasinn (319), und growth-hormone rclcas- 
inu facfor (320) is replaced by this nuidi- 
hcation. the resulting peptides show either 
agonistic or antagonistic activities. The 
reduction of an amide bond in a peoctde 
altered the pharmacoiogicai role from 
agonist to antagonist as well as chanecd 
agonistic potencies. Bioactivitics (either 
agonistic or antagonistic) were found to be 
dependent on the position of the modi- 
fication. This modification has also been 
incorporated mto other bioactive peptides 
including choiecystokinin (321,322), oxy- 
tocin (323), somatostatin (324), human 
renin inhibitors (325,326) and HIV 
protease inhibitors (327) leading to active 
analogs. Spectroscopic studies of several 
peptides with this modification (morphtcep.- 
tin (313), gastrm (328) and bombesin (329) 
have also been reported. 

Since the reduced amide bond is rela- 
tively flexible compared co the amide, the 
introduction of constraints has been investi- 
gated. Examples include aikylmethYlcne- 
amme (CH(R)-NH; Fig. 2().36A| (330), 
amidomethyieneamine (CH[C( 0)-NH . |- 
NH: Fig. 20.36B (331). methyiene-/V- 
acctylamine (CH,-N(Ac): Fi^, 2().36C| 
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(332. 333). meihyiene-/V- ftKmyUmiific 
(CH,-N(For); Fig. 20.37| (332) and 
mcthylenealkyiamme (CH ,-N( R); Pio 
2().36D (334). The methylenealkylamine 
m.odified neurokinin analogs show bioac- 
tivitics similar to or higher than those of 
amide- or methyleneamine-contaming ana- 
logs (334). When am.idomethyteneamine is 
incorporated into the angiotensin ([ analoi:. 
the resulting peptide is inactive (331). 



5 J Methyienethioether [CH^-S] and 
iVIeihylenesuiroxide [CH,-S(0)J 

The methylenethioecher modification was 
considered as an amide isostere which 
could offer polarity, Rexibility, and meta- 
bolic stability. Spatola et al, incorporated 
this modification into LH-RH (335) and 
peptide opioids (315. 336-339). The stabili- 
ty of the methylcnethioether modihed ana- 
log in biological systems was examined 
using a linear enkephalin analog. Tyr-Glv- 
Giy-PhetA(CH_.-S|Leu-OH (340). This ana- 
log showed a 21 -fold longer half-life than 
leucine enkephalin when it was subjected 
to blood serum. Incorporation of this modi- 
ncation has generated highly active ana- 
lugs. For example analogs with this 
modification, Tyr-o- Ala-Gly-Phe^^[CH 
S)Leu - NH, andTyr-c(D- Lys-Gly - Phe(^ 
(CH,-S]Leu], show higher activity at both 
M and d opioid receptors than their corre- 
sponding all-amide parent peptides (315. 
337). When this modification was intro- 
duced into a somatostatin analog, the ac- 
tivity of Che resulting c( Pro(//[CH , -S]Phc- 
D-Trp-Lys-Thr-Phe] exceeded somatos- 
tatin tctradccapcptidc (341), However, it is 
only six percent of the activity of their 
parent analog c( Pro-Phe-o-Trp-Lvs-Thr- 
Phe). An LH-RH analog, [GtyV(CH,Si- 
Lcu |LH-RH, displayed low potency when 
compared to its all amide bond counter- 
part, possibly because the GH,S iiioict\' 
imparted inerea.seU (lexibiliiy at the /j-lurn 
centered at h-7 position (335). In adtiiiion. 
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lykimtnc | these modincations have beoi^ incurporuted -meihylenesulfoxidc is also a useful amide 

^) '^^^ I into oxytocin (323), CCK-8 dipcpcide an- bond isostere because of the fact chat ii 

)■ f^ig- lagonists (333), and a renin inhibitor (326). contains an additional stereogenic center, a 

;yiammc Molecular nnodeling studies suggest that highly constrained structure and relatively 

hioac- ) [he methylenethioether modification is strong hydrogen bund-accepting capacity 

f^'^^"^^ ! compatible with secondary structures of (as compared with the methylenechio- 

'^g ' peptides and proteins. To investigate this • ether). Thus, Spatola ci ai. studied c(Gly- 

'^'^linc is : point, Spatola et al. studied c(Gly''Pro-- Pro-(A[CH. -(iR/5) -S(0)l-Gly-D- Phe-Pro) 

^•^•^^'^^g- ' Gly'^-D-Phe'-Pro^) and its methylenethio- and compared the results with the studies 

^')- ether modified analogs using NMR spec- of its all-amide parent and methylenethio- 

troscopy (342,343). The parent peptide echer-npodined precursor (348). The NMR 

contains a /3-turn and a y-turn through a studies indicate that the methylene sulfox- 

*^ hydrogen bond between Gly'C(O) and D- ide-modified pseudopeptide induces con- 

' Phe^NH and another hydrogen bond be- formational changes that are distinctly dif- 

tween D-Phe"'C(0) and Gly'NH (344- ferent from its parent and precursor mole- 

^'^i^ 347). A single conformer whose amide cules. When this modification was incorpo- 

■ which - bonds are ail in a trans configuration is rated into cyclic enkephalin, both isomers 

^ rneta- obser/ed in CDCi^, However in DMSO. ■ of the resulting analog.- Tyr-c(D-Lys-Gly-. 

T^r'iitcd ' this peptide displays 10% of a second Phei/^[CH,-(/?/5)-S(0)[Leu), have shown 

conformer in which a cis amide bond is similar bioactivities to the all-amide parent 

• ^t^Hili- included. A methylenethioether modified analog and methylenethioether.-modified 

^na- rtiodel compound, c(GlY-Pro(i/(CH.-SlGly- precursors (337). 

;amincd ' o-Phe-Pro), can adopt both jS- and y-turns 

yr-Gly- in CDClv -^s assessed by chemical shift 

^i-"^ ^r^^- data temperature coefficients and solvent 5.4 Methylene Ether (CH,-0) 

'^c than dependence data. In DMSO. the ratio of 

'f^.i^ctcd the two isomers is 3:2. The major con- The methylene ether bond (-CH.-0-) 

^''^^^i- former contains a cis amide bond at the (349.350) has some advancages over the 

'if^^" Gly-Pro bond, but retains the intramolecu- methylenethioether. The nucleophilicity 

t^i^ lar y-tum hydrogen bond (343). Another and oxidation possibility' of oxygen are 

■/>|CH,- pseudopeptide. c(Proi//[CH ,-Sl-Giy-Pro- negligible compared with sulfur. The ether 

' ^hcdj Gly-D-Phe), shows similar phenomena in has higher polarity and can form stronger 

^ofh both solvents. The population of the all hydrogen bonds. Furthermore, the CHn- 

^ corre- trans conformer in DMSO is 55%. This O- group possesses closer geometric re- 

(315. result is interesting because the pseudo- semblance to an amide, than the 

^ iniro- peptide retains the same' overall conforma- methylenethioether linkage (351). Chorev 

ac- tion as its parents though the C(0) for the ct al.- introduced thi.s " modification into 

-S|Phc- y-iurn hydrogen bond was replaced with substance P and Leu-enkephalinamide 

•^niatos: methylene (342). In summary, the model (352). The' resulting /7Glu-Phe-Phe(/^(CH. - 

peptide and its analogs modified with O] Giy-Leu-Mct-NH, retains the activity of 

^* ^^^^^ methylenethioether can adopt the same the parent analog. The Tyrii/(CH-,-0)Gly 

y^'Thr- conformation as the parent peptide. In the -Gly-Phe-Leu-NH, is twice as active as its 

above case, steric restrictions on the back- all-amide parent analog at the m opioid 

y ^hcn bone are retained upon replacement of an receptor and shows reduced activity in the 5 

, amide bond by a methylcnethiticther surro- opioid receptor. This modification has also 

'"'^^'^'^'y gate group. been incorporated into a renin inhibitor 

^^-ii^rn The thiocihcf is easily Dxidi/ctl to gener- (326,353). and the CCK-B dipepiidc an- 

ate R' and ,V-suU'oxidc. The rcsuUing iagt)nisi (333) to produce active analogs. 
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5.i Ethylene (^'Carba": CH,-CHj 

Although the carba replacement (354-356) 
IS a modification of the reduced amide 
bond (similar to methylene thioether or 
methylene ether), it possesses different 
characteristics because the 'whole ''carba" 
surrogate is nonpolar. This modification 
does not allow for the possibility of in- 
tramolecular hydrogen-bonding.' This 
characteristic leads to more flexible back- 
bone conformations. When this modifica- 
tion is incorporated into Tyr-Gly of Met- 
enkephalinamide, it displays an order of 
magnitude decrease in activity (312). How- 
ever, TyT-Gly.;.[CH,-CH,]Gly-Phe-iVlet- 
OH shows higher activity than N4et-en- 
Icephalin in in vivo tests (357). A '^carba'^ 
modified cholecystokinin shows activity 
similar to its all-amide parent molecule 
(321), while a renm inhibitor with this 
modification shows only minimum activity 
(326). 



5,6 Thioamide [C(S)-iNH] 

With the introduction of facile thionatms 
reagent^s such as Lawesson's reagent 
(358,359), thioamides have been easily 
incorporated into peptides as amide iso- 
steres. Spectroscopic and X-ray studies of 
di- and trithiopeptides, using various 
spectroscopic techniques, revealed chat a 
thioamide adopts a Z planar configuration 
similar to that of an amide (360-365). The 
bond length of the thiocarbonyl (i.64A) 
and the covalent radius of sulfur (1.04 A) 
are much longer than those of carbonyl and 
oxygen (1.24 A and 0.74 A. respectively) 
(366). Thus, the larger volume of the 
thioamide can restrict the allowed torsional 
angles in the vicinity of the thioamide more 
than m that of the amide. The computa- 
tional .studie-s of the thioamide bond ct)n- 
tammg small peptides have indicated that 
the allowed (/>. (// conformational space for 
thioamide containing residue i.s reduced 
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(367,363). However, ihe regions where 
expenmentally most protein conformation- 
al angles are observed are not drastically 
affected except m the area wuh hi^h ^ 
values. Studies of the hydrogen-bondino 
properties of thioamides have shown tha^I 
the NH of a thioamide is a stronger H-bond 
. donor (higher acidity) and the thiocarbonyl 
IS a weaker H-bond acceptor than the 
corresponding amide (369). Thus, hydro- 
gen-bonding between C(0) and HN-C(S) 
IS stronger while the H-bonding between 
C(S) and HN-C(O) is weaker as compared 
10 the hydrogen-bond between C(0) and 
HN-C(O) (360-363, 370). The incorpora- 
tion of the thioamide isostere in key posi- 
tions of peptide analogs can lead to com- 
pounds with either enhanced or reduced 
conformational flexibility depending on 
whether steric or hydrogen bonding Forces 
prevail. 

Spatola and coworkers carried out 
studies to examine the compatibility of a 
thioamide with reverse turn features using 
the specific sequences of model peptides 
(371) as they did in the studies of 
methyienethioecher (342.343) and methyt- 
enesulfoxide (348). The NMR studies of 
the model compound, c( Pro(A[C(S)-NH] 
Gly-Pro-Gly-o-Phe). have shown that this 
molecule can adopt the same general con- 
formation (in CDCl, and DMSO) as its 
all-amide parent (344-347). The model 
.compound c(Gly-Pro<A(C(S>NHi-GIy-D- 
Phe-Pro) retained the same conformations 
as the parent in CDCIi but exhibited two 
conformers in DMSO with a ratio 2:1. The 
minor conformation contains a cis amide 
bond at the Gly-Pro bond. The strength of 
the intramolecular hydrogen-bonding for ^- 
and y-turns. estimated from the tempera- 
ture coefficients of an amide proton, are 
equal to and a little weaker than those of 
the parent molecule, respectively. Thus, 
the Dvcrall conformational eftccis of the 
thioamide modilicaiion may not be 
dramatic. 

Many hioaciivc peptide analogs incor- 




wnere 
mation- 
iStically 

high ii/ 
loading 
■vn that 
H-bond 
urbonyl 
an the 

hydro- 
-■-C(S) 
■etween 
npared 
D) and 
Jrpora- 
y posi- 
o com- 
educed 
ng .on 

forces 

d out 
y of a 
^ using 
, :ptides 
les of 
lethyl- 
iies of 
0-NHj 
at this 
-il con- 
as its 
model 
Gly-D- 
lations 
d two 
1. The 
an^ide 
gth of 
for/3- 
ipera- 
1, are 
>se of 
Thus, 
•f the 
bo 

incor- 



5 Amide Bond Isosieres 

porating this modificaiion have been syn- 
thesized. When thioamides were tnci)rpo- 
raced into oxytocin (372), the activuy of the 
resulting analogs was not high. Thioamidc 
analogs of the thyrotropin-reieasing hor- 
mone (i.e., pGlu-His-Pro(i/[C(S)-NH]H) 
were synthesized and showed a similar 
potency to the parent analog (373-375). A 
C-terminal growth hormone releasing hexa- 
pepcide analog with this modification (His- 
D-Trp-Ala-D-Phe-Lys(//[C(S)-NH|H) was 
completely inactive (376). In analogs of 
Leu-enkephalin, modification of the amide 
bond between residue I and 2 produced an 
inactive compound, whereas modification 
of the amide bond between residue 2 and 3 
led to an analog that was more potent- and 
selective for the 5-receptor than Leu-en- 
kephalin (377, 378). This modification was 
also incorporated into cyclic enkephalins 

(379) , CCK-B dipeptide antagonists (333), 
peptide-substrates of carboxypeptidase A 

(380) , substance P (381), gastnn (382), 
chemotactic peptide (383), bombesin (384) 
and leucine aminopeptidasc (385). The 
resulting analogs were found to be more 
stable against enzymatic degradation than 
their amide counterparts. In addition, to 
examine the conformation responsible for 
the bioactivities, the X-ray studies of 
thioamide containing chemotactic peptides 
(286) and protected Leu-enkephaiin were 
carried out (387). 



5,7 tranS'Oiefin (CH=CH, trans) and 
//*a/75-Fluoroo(efin {CF=CH, trans) 

The peptide bond in poiypepiides and 
proteins generally assumes a trans configu- 
ration since its cis counterpart induces 
unfavorable steric interactions. Among the 
mimics of amide bonds which have been 
reponcd, the irans carbon-carbon double 
bond (olefin: Fig. 2().37A) is musi suitable 
to mimic the linkage in terms .of geometry . 
bond angle and bond length. Whereas the 
amide bond has some degree of Hcxihilily 
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fig. 20.J7 Strudurtrs of A. iru/is-olcfia: and 8. {rans- 
Huornoiefin. 



and possesses hydrogen-bonding capability, 
Che trans olefin fixes the replaced. peptide 
linkage in a trans configuration- and elimi- 
nates aii possibility of hydrogen-bonding. 
This modification can provide valuable in- 
formation concerning the role of an amide 
bond at a specific site in a peptide, in its 
bioactivity profiles and conformational be- 
havior. Furthermore, the substitutions of 
an amide bond with a trans olefin increases 
the hydrophobicity of the resulting peptides 
and thus potentiaJiy facilitates biotranspor- 
tability through cell membranes, including 
passage through the blood brain barrier. 
Improved metabolic stability is also ob- 
served. A number of synthetic methods for 
this modification have been developed and 
applied towards the synthesis of bioactive 
peptide analogs (388-392). ' 

Dermorphin and its tetrapeptide analogs 
which ■ incorporated this modification be-' 
tween Phe and Gly, showed activity com- 
pa.rable to the parent molecules (393). The 
conformational behavior of the trans olefin 
bond was examined using these analogs. 
AH of the olefin modified analogs exhibited 
essentially the same 'H-NMR parameters: 
chemical shifts, temperature coefficients for 
amide protons, and coupling constants be- 
tween NH and C"H and between C"H and 
C^H. The sets of NOE observed from 
dermorphin and Tyr-o- Aia-Phei// (CH=CH, 
irans) Giy-Tyr-Pro-Ser-NH , arc also the 
same in terms of their pattern and intensi- 
ty. The incorporation of a trans olefin bond 
in place of ihc amide bond between residue 
3 and 4 did not alter the* conformational 
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characteristics of ihc peptides, in DMSO 
solution. These results arc ,n agrcerr.eni 
--^ith those of the theoretical studies of 
Ac^Ala-NH.V!e. Ac-^(CH=CH , ™| Ala- 

r u l^n Ala,A(CH=CH. rra/,.|. 

CH, (.94,395). in those studies, a single 
substuution Of the peptide bond wuh 
trans-olefin bond does not introduce 
dramatic changes m conformational pref- 
erences. This modification was incorpo- 
rated into other bioactive peptides includ- 
ing hnear and cyclic enkephalin analogs 
(396-398), substance P (397), ang.ocens.n- 
converting enzyme inhibitors (399) renin 
mhibitors (326). inhibitors of protem ki- 
nase (389.391,400) and others (323 333) 
Recently, a fluoroolefinic isostere 
mCF=CH. trans): Fig. 20.37B1 was de- 
signed and utilized (401). Because the 
electronic properties of Huorine are similar 
to those of oxygen, this modification seems 
to resemble amide more than the simple 
olefin. This modification has already been 
incorporated into the amide bond between 
■ Phe and Gly of the full length of substance 
(Arg-Pro-Lys-Pro-Gln-Cln-Phe-Phe-Phe- 
Gly-Leu-Met-NH,) and pGlu-Phe-Phe- 
Gly-Leu-Met-NH,. The bioact.vuy of the 
Huoroolefin modified substance P analoo 
wuh this modification is similar to chat of 
the natural peptide. The pGlu-Phe-Phe^ 
lLf-CH,;.a„jl.Leu-Met-NH, is ten times 
more active than the analog with a irans 
ethylene group. The 'h, '-'c and '^N 
chemical shifts, temperature coefficients 
and coupling con.stant.s of substance P and 
us fluoroolcfin modified analog are very 
similar. These resuit.s suggest an overall 
similarity between amide and fiuoro olefin 
bonds. This amide isostere has also been 
incorporated into opioids leading to an 
active analog (402). 



5.« l,5-l)i.sub.stitu(ed Tetrazole Ring (CNj 

'"i""c a cis amide bond. Ilann ci al 
^"tempted .„ .syn>hcs,/e cis^,.lclin. How' 
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ever, the resulting olefin quickly ,somen7cd 
to a more stable trans-olefin (d03) Thus 
Marshall ct al. proposed a tetrazole (d04) 
ring as an amide isotere in order to lock an 
amide bond into a cis configuration (Fio 
, 2iUS, (405). The possible conformaiions 
ava.iaole to the linear dipeptide, Ac-Ala- 
Ala-NHiVIe, ,n which the central amide 
bond was fi.xed m the cis configuration was 
compared with Ac-Ala,^(CN jAla-NHMe 
in which the central amide bond was re' 
placed wuh the 1 .5-disubstituted tetrazole 
ring (406). A novel procedure for assaying 
conformational mimicrv showed that ap 
proximately 88% of the conformations ac- 
cessible r.o the cis isomer of the parent 
dipeptide were also available to the tetra- 
Eole analog (406). This index of conforma- 
tional mimicry represents the percentage of 
conformations available to the oarent pep- 
tide which the analog is.capable of adoptino 
as measured by the ability to orient the 
peptide chain and side chains, on either 
side of the modification in a similar manner 
to that of the parent peptide (406, 407). 

During these studies, the tetrazole ana- 
log was found to have more conformational 
freedom than the cis amide model. This 
result is explained by the increased valence 
angle between the C"-C=N. of tetrazole 
analog corresponding to the C"-C=0 angle 
of the cis amide. However, the increase in 
stenc bulk in the tetrazole analog where 
the amide hydrogen is replaced by nitrogen 
can cause some constraints. Thus! the con- 
formational flexibility is dependent on the 
relative importance of these two opposing 
effects (406). Since another conformational 
study using Cbz-Pro(//(CN jAla-OBzl has 
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5 Amide Bond Isosterw 

aiso provided similar results (407). -the 
cetrazole ring can be a conformational 
mimic tor che cis amide bond. 

Since proline and N-alkylatcd amino 
acids can adopt a cis configuration at their 
preceding amide bonds m bioactivc pep- 
tides to bind and recognize their receptors, 
the tetrazole modified analog can be a 
usetui probe to understand .the receptor 
bound conformation of these peptides. This 
modification does not contain an adjacent 
hydrogen-bond donor and acceptor of the 
cis amtde and steric bulk couid prevent 
binding to the receptor. Consequently, 
activities of tetrazole containing analogs 
can be strong evidence of che role of a cis 
. amide in receptor recognition while lack of 
activity will not exclude the cis amide from 
this consideration. 

This modification has been incorporated 
as a replacement of the Phe-(NMe)Aia 
bond of a cyclic somatostatin hexapeptide 
analog to produce c(D-Trp-Lys-Val-Phei// 
(CNjAla-Thrl (408). From che conforma- 
tional studies of this type of somatostatin 
analogs, it has been suggested that a ci.s 
configuration of this bond is required for 
recognition at the receptors. Since the 
resulting analog has shown nearly equiva- 
lent activity compared to the parent analog, 
the tetrazole modification functions as a 
conformational mimic of the cis amide 
bond in this system. This modification has 
also been incorporated into the Lcu'-Gly^ 
amide bond of deaminooxtocin (409), the 
Pro'-Pro' and Ser^Pro' amide bonds of 
bradykinin (410.411) and the scissiic Phc- 
Pro bond of HIV protease substrate (412). 
The bioactiviiies of those analogs were 
greatly diminished. If the letrazolc does not 
grossly distort the topology of the peptide, 
these results indicate that the cis conformcr 
of the amide bond may not.be biologically 
relevant; or the increased steric hindrance 
generated from the tetrazulc ring and the 
lack of a hydrogen bond donor^ us com- 
piircd with the cis amide bond, precluded 
binding of these analogs U) the receptors 
and enzvmcs. 




5.9 Ketomethyiene (Ct.Oj-CHJ and 
Fluoroketomethyiene (C(O)-CFR, R=H 
or F] 

The ketomethyiene (Fig. 20.39) unit is 
observed in the structure of the naturally 
occurring aminopeptidase inhibitor called 
arphamenmes ( Argi/^( C(0)-CH OPhe-OHj 
and Argt/^[C(0)-CH,1 Tyr-OH (413-415). 
This modification ts conformationally dif- 
ferent from the amide bond because che 
bond between the carbonyl carbon and 
methylene carbon docs not possess any 
doable-bond character. Furthermore, the 
hydrogens of -the methylene cannot be 
donated to form a hydrogen bond. When 
ketomethyiene replaced the amide bond 
(416,417) between -Phe and Gly of the 
angiotensin converting enzyme inhibitor, 
Bz-Phe-Gly-Pro-OH. the resulting analog is 
a hundred times more active than the 
parent peptide (418). This modification has 
also been incorporated into inhibitors of 
pepsin (419). aminopeptidase (420), renin 
(326), and porcine pancreatic elastasc 
(PPE) (421). The mechanism of inhibition 
for serine protease "( i.c . . PPE) most likely 
involves interaction between a serine res- 
idue of the enzyme afid the ketone car- 
bonyl group of che inhibitor to form a 
hemiketal structure which resembles the 
tetrahedral intermediate involved in pep- 
tide bond hydrolysis. The replacement of . 
the Met-'-Gly-^ bond of C-terminal oc- 
tapeptide of cholecystokinin (321) and the 
Phe'^-Gly'' bond of the C-terminal hexa- 
peptide of substance P (422,423) with 
ketomethyiene produced analogs which re- 
tained the activity of their respective parent 
analogs. 

The increased potency of fluorinated 
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Kij;. 20.39 Suiiciuicn nl A. kci.MMciliylcnc: iJ. kctuH- 
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enzyme inhibitors led to che replacement of 
the hydrogen(s). of ketomerhyiene wich. 
fiuonne (424,425). The readily hydraced 
fiuoroketone is proposed to mimic che 
cetrahedral intermediate that forms during 
the enzyme-catalyzed hydrolysis of a pep- 
tide bond. Thus, the keto'fluoromethylenes 
(Fig. 20.39) were considered as a steric 
replacement of the amide bond. Since the 
atomic radius of fluorine is similar to that 
of hydrogen, the steric hindrance .of this 
modification can be minimized. In' addition, 
fluorinatjon can increase the aqueous solu- 
bility of the resulting analogs, and with this 
result that incorporation of these modifica- 
tions into enzyme inhibitors is now .in 
progress. 



5.10 Miscellaneous Amide Isosteres 

In addition to the representative amide- 
isosteres described above, many others 



have been incorporated into bioactive pep- 
tides and studied by spectroscopic and 
computational techniques. Since che planar 
amide bond in the enzyme substrates must 
be transformed to a tetrahedral species in 
the transition state of peptide bond cleav- 
age, various mimics of. such intermediates 
have generated highly active enzyme in- 
hibitors (426). These studies have been 
extensively reviewed by Rich (427) and 
Greenlee (428) among others (429,430). 
These mimics include methyleneamine. 
ketomethylene (431) (described in the pre- 
vious section), phosphonate, phosphonami- 
nate (426.432), hydroxyethylene (433- 
435), and dihydroxyethylene (326,436, 
437). Currently, these modifications are 
widely used for the inhibitors of renin 
(326,438,439), HIV-protease (436,440- 
444) and other enzymes (420.431). Other 
structures such as epoxides (425). cis- 
olclins (333). methylene suifones (323. 
326). methylene hydroxyamines (326) and 



Table 20.6 Physicochemical Propt;rties of Amide Isosteres' 
Compound 
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CH,-C(0)-NH-CH, 

ch,-nh-c(0)-ch; 

CH,-CHj-0-CH, 

CH,-C(0)-0-CH, 

CH,-CH,-NH-CH, 

CH,-C(0)-CH,-CH, 

^/•a/w-CH,-CH=CH-CH, 

eis-CH,-CH=CH-eH, 

CH,-CH,-CH,-CH, 

CH,-CH(OH):CH,-CH, 

CH,-CH,-S-CH, ■ 

CH,-C(S)-NH-CH, 

CH,-C(0)-N(CH,)-CH. 



■The cslimmi.m was curried oui usinj. ihc /V.mclhyl;,ccuimulc |(.H, C (0)-N(CH )-C-|l I and ,lx 

model c..,np„unds. h.ch mudcl was huill „. mi.i.K uuns U,nu „f ,hc a.n.dc 
Ihc ,/ dcm.its Ihc disi?incc hciwccn Ihc lw„ mcihyl ):ruu|.v 
Jlu.- dcn...cs ,hc an.mcs fur C'l I , -(•( O)- Nil „l ,V.„.,,„vl:,,„a„„dc and con.crpar.s ..I ,hc 

J-hc a dcn,„cs ,hc an^lc^ lor C( 1-N. 1 -CII . of .V.„,,,„vL,cc.: dc and coun,crpar,s of ,hc 

inner mocicl cornimund.^. 

"I-hc . dcno.cs (he volmne of ihc space .K;cup,ed In ,he enou- n.o.lel n.olecules. 
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6 [NoncKptide !-igund:i for Peptiner>:ic Receptors 

sulfone amides (445.4^6) have aiso been 
reported as amide isostercs. 

Rees ti ai. systematicaily quantified 
some of the amide i^ostercs usin*i N- 
mechylaceamide and its derivatives (Table 
20.6) (333). These sieric tactors were calcu- 
lated with the molecular modeling package 
SYBYL in terms of distance (d) between 
Che two methyl groups, angles for CH/'- 
NH (a) and C-NH-CH, (/3) and the 
volume of the space occupied by the entire 
molecule [u). 



6 tNOiNPEPTIDE LIGANDS FOR 
PEPTINERGIC RECEPTORS 

In the previous sections, the considerable 
progress in obtaining peptide analogs with 
improved pharmacological properties using 
peptidomimetics have been described. 
These peptidomimetic modiftcations of na- 
tive peptides have generated many impor- 
tant therapeutic agents. Another approach 
CO peptidomime.cics. which could be one of 
the most important, involves the trans- 
formation of peptide structures into non- 
peptide structures while retaining the 
bioactivities at the pepcinergic receptors 
(447). In the opioid area, numerous non- 
peptide structures have been devised on the 
basis of morphine which binds to the same 
receptors of peptide opioids (448). These 
efforts have led. to many usefuTanalgesics. 
Portoghese et al. used the message-address 
concept (449, 450)*.dcveioped in the peptide 
area to modify morphine structures 
(451,452). The resulting analogs have 
shown antagonistic activities with high 
selectivities and potencies. 

There has been rational design of non- 
peptide analogs based on the structure of 
native peptides. One of the earliest studies 
was carried out on the angiotensin convert- 
ing enzyme inhibitors. Wyvratt and Palchctt 
have reviewed this process (429). Other 
peptides (CCK. LH-RH. etc.) have aLst) 
been transformed to nonpepiidic struc- 
tures. The results- arc well-dcscrihcd in 
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Fi^. 20.40 A derivative of bezodiazeplne. 



Freidinger's review (453) and other reports 
(454, 455). Interestingly, i ,4-ben2odia2e- 
pine and its derivatives (Fig. 20.40) (456) 
were often used to generate useful thera- 
peutic agents or promising candidates in 
various categories of peptides showing 
agonistic and antagonistic activities (453). 

Recently. Hirschmann et al. used /3-d- 
glucose as a spacer to arrange the phar- 
macophoric groups of somatostatin (Fig. 
20.41) (457). These nonpeptide analogs are 
characterized by the rearrangement of the 
pharmacophores of the corresponding pep- 
tides on a glucose scaffold. The resulting 
analogs show somatostatin activities. 




NHfl 



(i R = H. R- = OHn 

III R 3 R' = li 

IV R = Ac. R- = OBn ^ 

Kig. 20.41 A suniJiosi;i(in aiulog in which a fin- 
gluctisc is used ;is ;i .sculfnld tor ihc ;ifr:iv of ph;»r- 
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Referenced 



RCO-iNMeArg— NK 





HO2C, 



Kit;. 20.42 ROD peptide analogs in which A. u y- 
lurn mimic is incorporated; and 8. a steroid struct urc 
is used as a scalffold to arrange side chains of Arg and 
Asp. 



Because of the development of molecular 
modeling techniques, the importance, of 
conformational features for such designs 
have been emphasized. As mentioned, a- 
nonpeptide mimic of turn structure (Fig.. 
20.32B) was used by Cailahan et ai. as a 
spacer for the pharmacophores of ROD 
peptides providing highly active analogs 
(Fig. 20.42) (281), Recently, Hirschmann 
ci ai, used a steroid as a conformationally 
restricted spacer leading to an analog with 
substantial activity (Fig. 2().42B) (458). 

7 CONCLUSIONS 

In this chapter, various modihcatit)ns of 
general peptide structures have been de- 
scribed. The intention has not been .to 
cover chemical methods for each modilicar 
tit)n and bioactiviiy proliles completely. 
However, the general features, conforma- 
tional preferences and representative appli- 



cations for many peptidomimetics have 
been discussed. 

Some peptidomirhetics are designed a.s 
place holders whereas others are isosteric 
replacements. The effects of these mimetic 
structures on bioactivity are not generalized 
for all bioaciive peptides. There are cases 
where a modification in one system leads to 
bioactive analogs while the same pep- 
tidomimetic structure in another peptide 
family results in inactive analogs. The 
bioactivities of the resulting analogs vary 
according to the position of modification. 
In addition, since each peptidomimetic has 
unique conformational effects and physico- 
chemical properties, the . bioactivities of 
modified analogs depend on modifications 
which are incorporated. 

The varied bioactivity profiles caused 
by incorporation or constrained pep- 
tidomimetics have been useful in the estab- 
lishment of conformation-bioactivuy rela- 
tionships of various peptide families. Using 
such approaches, some laboratories have 
proposed^conformations responsible for the; 
bioactivities and selectivities of many bioac- 
tive peptides such as opioids, somatostatins 
and taste ligands, among others. In addi- 
tion, these constrained peptidomimetics 
can be used for the design of peptinergic 
receptor ligands with higher affinity and 
structural resemblance. 

Other pharmacological properties in- ' 
eluding metabolic and chemical stability, 
oral bioavailability and .solubility have also 
been obtained as a result of the intro- 
duction of peptidomimetics. For example, 
incorporation of amide isosteres and other 
modifications have led to analogs with 
longer half-lives in biological systems. 

It is clear that modified peptides and 
nonpcptidic analogs represent the present 
and future in drug design. Hopefully, this 
chapter has provided insight into the 
chemistry eurretuly used to explore and 
design novel drug structures. From such 
chemistry, new and u.scful therapeutic 
agents will emerge. 
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